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Preface 

This  book  is  based  upon  lectures  given  to  students  at  the  South¬ 
west  Essex  Technical  College  and  the  West  Ham  Municipal  College. 
The  intention  in  these  lectures  was  to  present  an  introduction  to 
the  study  of  chemical  engineering  methods  to  students  who  had 
recently  completed  a  course  in  Physical  Chemistry. 

No  attempt  is  made  to  describe  chemical  plant  and  machinery 
in  detail,  although  the  foundations  of  design  in  fundamentals  are 
indicated  wherever  possible. 

Although  the  work  is  principally  intended  for  the  use  of  students 
who  may  also  follow'  a  course  of  instruction  in  Plant  Design,  it  is 
hoped  that  it  may  be  of  use  to  others  interested  in  the  basic  methods 
of  chemical  engineering. 

My  thanks  are  due  to  my  colleagues  for  helpful  suggestions,  and 
particularly  to  Mr.  D.  C.  Freshwater  who  read  the  whole  of  the 
proofs. 
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Introduction 

a'miscellaJiy^of  en^neering  and^hemical  to'picT  Part  of  the  diffi¬ 
culty  of  definition  lies  in  the  fact  that  the  title  itself  is  slightly 


misleading,  and  some  American  v  „  _  , 

substitute  the  phrase  “process  engineering.  This  w  rather  nearer 
the  truth,  for  the  chemical  engineer  is  concerned  with  the  design 
and  operation  of  the  plant  and  equipment  in  which  matter  is  pro¬ 
cessed,  or  undergoes  physical  and  chemical  changes.  Thus  the 
practice  of  his  profession  is  no  more  restricted  to  any  one  branch 
of  industry  than  is  that  of  any  other  type  of  engineer,  although  it  is 
to  be  expected  that  the  greatest  scope  lies  within  the  manuiacture 
of  chemicals  and  chemical  plant. 

Whatever  be  the  most  acceptable  definition  of  his  title,  there  is 
no  doubt  that  in  the  practice  of  his  profession  the  chemical  engineer 
is  called  upon  to  execute  the  visions  of  the  chemist,  often  employing 
methods  that  mathematicians  would  not  own,  in  order  to  solve 
problems  that  more  orthodox  engineers  would  not  attempt. 

A  course  of  training  for  such  a  purpose  must  obviously  apply  an 
adequate  groundwork  of  chemistry,  physics  and  mathematics  to 
the  quantitative  treatment  of  the  chemical  and  physical  operations. 
It  is  becoming  generally  recognized  that  there  is  advantage  in 
studying  this  application  piecemeal,  operation  by  operation. 
These  operations  are  mostly  physical,  a  fact  which  often  excites 
comment  from  students  whose  previous  training  has  been  biased 
towards  chemistry.  This  treatment  is  also  criticized  in  some  quarters 
on  the  grounds  that  there  is  no  chemical  process  equivalent  to  these 
unit  operations,  and  that  any  industrial  process  involves  several 
of  them.  But  this  is  just  the  point — that  chemical  processes  on 
the  industrial  scale  are  composed  of  physical  operations.  It  is 
surprising  how  many  such  processes  may  be  analysed  into  a  sequence 
of  purely  physical  steps  necessary  to  initiate,  maintain  and  control 
the  chemical  reaction  involved.  Given  the  central  chemical  data, 
it  is  the  work  of  the  chemical  engineer  so  to  provide  and  arrange 
the  physical  sequence  that  the  desired  result  is  obtained. 

This  treatment  of  the  subject  by  unit  operations  has  the  advan¬ 
tage  that  the  study  of  basic  principles  may  be  divorced  from  the 
complexities  of  individual  manufactures.  Thus  the  basic  principles 
in\  ohed  in  fractionating  a  petroleum  product,  or  in  separating 
the  constituents  of  liquid  air,  are  those  of  the  unit  operation  of 
distillation.  These  processes  as  practised  commercially  appear 


sources  have  latterly  tended  to 


IX 


X 


INTRODUCTION 


very  different,  and  each  has  its  technical  difficulties  of  execution, 
but  the  basic  problems  are  the  same. 

However,  as  the  American  Institute  of  Chemical  Engineers  has 
pointed  out,  we  must  guard  against  the  attitude  of  mind  which 
regards  these  unit  operations  as  fundamentals.  The  fundamentals 
of  chemical  engineering  are  mathematics,  physics  and  chemistry, 
and  each  unit  operation  consists  of  the  quantitative  application  of 
these  fundamentals  to  a  given  problem. 

These  unit  operations  then,  consist  of  mechanical  procedures 
designed  to  enable  some  physical  or  chemical  process  to  take  place. 
Many  of  these  operations  embody  what  are  termed  diffusional 
processes,  that  is  to  say,  processes  in  which  energy  as  well  as  matter, 
diffuses  between  phases  having  a  common  interface.  There  are  also 
other  unit  operations  which  are  more  mechanical  in  nature,  and  in 
which  material  is  separated  without  any  phase  boundary  being 
passed. 

Whatever  its  internal  complexity,  however,  any  unit  operation 
may  be  seen  to  consist  of  some,  or  all,  of  the  following  four 
essentials — 

(i)  It  must  be  able  to  handle  the  material  passing  through  the 
operation.  There  must  be  some  provision  for  the  reacting  solids, 
liquids  or  gases  to  flow  into  and  through  the  apparatus,  whether 
this  flow  be  continuous  or  discontinuous. 

(ii)  It  must  be  able  to  effect  the  heating  or  cooling  of  the  material 
in  process  which  is  often  necessary. 

(iii)  It  must  include  some  arrangement  by  which  the  interfacial 
area  between  the  reacting  phases  may  be  made  as  large  as  is 
reasonable. 

(iv)  It  must  also  be  able  to  bring  these  freshly  created  surfaces 
into  efficient  contact. 

These  four  simple  requirements  might  be  regarded  as  the  foun¬ 
dations  of  all  unit  operations.  When  provision  is  made  to  handle, 
heat,  subdivide  and  mix  the  materials  involved,  the  skeleton  of  a 
unit  operation  exists. 
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Pi  •ocess  Evaluation 

The  first  step  to  be  taken  in  appraising  any  chemical  problem  is  to 
examine  critically  the  physical  and  chemical  data  available  con¬ 
cerning  the  proposed  process.  This  entails  the  preparation  of  some 
formal  statement  of  the  mass  and  energy  balance  of  the  process, 
and  may  conveniently  be  done  in  the  form  of  a  process  flow  sheet. 
This  is  a  diagrammatic  representation  of  the  process  (using  con¬ 
ventional  symbols  for  the  individual  stages)  upon  which  are  entered 
the  flows  of  mass  and  energy.  In  the  interests  of  clarity,  it  is  often 
found  desirable  to  produce  more  than  one  flow  sheet  for  a  single 
process,  one  showing  the  mass  balance,  another  the  heat  balance, 
another  the  electric  power  consumption,  and  so  on.  Besides 
indicating  these  balances  the  flow  sheet  has  the  further  advantage 
that  its  construction  causes  a  full  exploration  of  the  data  to  be 
made  before  detailed  work  is  begun.  When  it  is  realized  that 
subsequent  calculations  will  be  based  largely  on  these  flow  sheets 
it  will  be  obvious  that  accuracy  is  essential.  There  is  nothing 
especially  difficult  in  the  completion  of  a  flow  sheet  if  previous 
training  has  equipped  us  to  grasp  the  chemical  data  involved. 
This  data  may  be  quite  complex,  but  errors  in  its  interpretation 
are  less  usual  than  arithmetical  ones.  It  is  necessary,  therefore, 
patiently  to  test  the  calculated  information  by  means  of  repeated 
cross-balances,  and  even  by  appeals  to  common  sense.  In  fact  the 
most  useful  maxim  in  this  sort  of  work  is  that  there  are  no  such 
things  as  “elastic”  chemical  plants,  and  therefore  that  which 
enters  a  process  must  also  leave  it.  This  is  not  such  trivial  advice 
as  it  may  sound,  for  both  matter  and  energy  can  and  do  leave 
processes  by  other  routes  than  the  useful  product  stream,  but  the 
perfect  mass  balance  shows  all  these  things. 

A  point  of  some  importance  is  that  the  construction  of  a  flow 

avaHaW  a.la  rule  a  mechanical  interpretation  of  data  made 

tend  V  „-by  !fC  research  chemist>  although  text-book  examples 
tend  to  give  this  impression.  The  actual  case  is  usually  that  the 

need  for  data  essential  to  the  solution  of  the  energy  and  mass 
alanees  is  only  revealed  by  attempts  to  construct  them . 

There  chemical  engineers  are  concerned  with  research 
development  activities,  the  flow  sheet  also  becomes  a  nlan  of 

SLl  d,.HilsCOn\Plet,0n  !’cmands  the  consideration  of  certain 
of  nmn  ra  Ion  of  “  mStance>  ^search  report  on  the  method 
Jlil,  f  (  Ot  some  organic  substance  might  well  contain  a 
wealth  of  information  concerning  equilibrium  Constants  reaction 
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velocities  and  so  on.  But  it  might  omit  to  refer  to  large  quantities 
of  water  required  to  wash  the  final  product,  or  the  fact  that  sulphur 
dioxide  was  evolved  at  some  stage.  From  a  pure  research  angle 
these  are  subsidiary  points  ;  one  is  solved  by  means  of  the  laboratory 
tap,  and  the  other  by  the  fume  cupboard.  However,  processes  may 
fail  because  of  a  tremendous  water  consumption  or  the  existence  of 
troublesome  effluents. 

There  are  several  ways  of  presenting  a  flow  sheet,  and  there  is 
no  very  serious  difference  between  them.  The  essential  thing  is 
that  it  should  be  accurate,  clear  and  orderly.  As  with  all  chemical 
engineering  work,  the  ideal  is  to  execute  everything  in  such  a  way 
that  it  will  be  clear  to  the  author  if  he  is  called  upon  to  repeat  the 
work  in  a  year’s  time,  and  moreover,  so  that  it  can  be  followed  by 
any  other  informed  person.  There  is  no  merit  in  adhering  to  some 
form  of  flow  sheet  when  clarity  suffers  as  a  result. 

A  worked  example,  in  which  the  flow  sheets  are  represented  in 
two  alternative  forms,  illustrates  this  point. 

Data 

A  certain  process  converts  aqueous  sodium  carbonate  into 
caustic  soda  by  the  addition  of  crushed  quicklime  in  a  heated, 
agitated  vessel.  The  resulting  slurry  of  calcium  carbonate, 
calcium  hydroxide,  caustic  soda  and  sodium  carbonate  is  first 
decanted  and  then  filtered.  If  the  following  conditions  are  to 
exist  in  the  process,  construct  major  flow  sheets.  Batches  of 
8,000  gal  of  sodium  carbonate  solution  to  be  dealt  with  per  shift 
of  8  hours. 

Sodium  carbonate  liquor 

sp.  gr.  =  I’ll 

Concentration  =  2-0  Normal 
Temperature  =  110°F 

If  the  mixture  is  heated  to  180°F  after  addition  of  the  stoichio¬ 
metric  quantity  of  quicklime,  the  reaction  will  be  90  per  cent 
complete  in  2  hours,  after  which  time  the  slurry  will  be  discharged 
through  a  decanter  and  filter.  Experiments  show  that  the  decanter 
can  conveniently  discharge  a  sludge  in  which  the  insoluble  matter 
is  wetted  with  twice  its  own  weight  of  water.  This  sludge  may  be 
filtered  to  produce  a  cake  containing  50  per  cent  by  weight  of 
insoluble  matter,  and  only  0-5  per  cent  of  each  sodium  salt  if  5  lb 
of  wash  water  per  100  lb  of  dry  insoluble  matter  are  used. 

Equipped  with  this  basic  information,  we  may  now  attempt 
the  solution  of  the  mass  and  heat  balances.  These  must  be  treated 
in  that  order,  for  heat  flows  depend  on  mass  flows. 
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Mass  Balance 

The  sodium  carbonate  solution  is  20N,  and  therefore  contains 
106  g/litre  or  106  lb  anhydrous  carbonate/100  gal  solution 


8,000 gal  of  Na2C03  solution  weighs  8,000  X  Ml  X  10 

=  88,800  lb 
8,000  X  106 


Each  batch  of  8,000  gal  contains 


100 


=  8,480  lb  Na2C03 
Weight  of  water  =  88,800  —  8,480 

=  80,320  lb 


By  the  equation  of  reaction — 


Na2C03  +  Ca(OH)2  =  CaC03  +  2NaOH 

106  74  100  80 

The  calculated  amount  of  sodium  carbonate  requires  for  complete 
74  x  8,480 


reaction 


106 


=  5,920  lb  Ca(OH)2. 


This  will  be  produced  from  5r)2(^x  56  =  4  480  lb  Ca0  by  the 

consumption  of  5,920  -  4,480  =  1,440  lb  H,0  according  to  the 
equation — 

CaO  +  H20  ->  Ca(OH)2 

However  the  reaction  is  only  90  per  cent  complete  in  the  process 
so  that  although  the  addition  of  lime  remains  at  this  value,  the 
production  ot  calcium  carbonate  and  caustic  soda  are  only  90  per 
cent  of  the  stoichiometric  figure,  and  are  as  follows-  P 

100  x  M80 

(  aU),  = - -  x  0.9  =  7,200  lb 

N‘iOTf  8^  X  8,480 

JNaOH  =  - Toe -  X  0-9  =  5,760  lb 

thtrlW‘"  remain  Whh  theSe  Product«  -me  of  the  unused  reactants 

Ca(OH),  =  5,920  x  04  =  592-0  lb 
Xa./ ’I),  =  8,480  x  0-1  =  848-0  lb 
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These  figures  will  permit  the  construction  of  a  mass  balance  over 
the  causticizing  pan,  which  we  may  put  in  flow  sheet  form  as  in 
Fig.  1. 


8,000  gal 
2N  Na2C03 


(80,320  lb  H20 
8,480  lb  Na2C03, 


'>88,800  lb 


Causticizer 


93,280  lb 
slurry 


4,480  lb  CaO 


/  78,880  lb  H20 
7,200  lb  CaC08 
592  lb  Ca(OH)., 
5,760  lb  NaOH 
848  lb  Na2C03 


Fig.  1.  Mass  Balance  over  Causticizer,  for  8-hr  Shift 


The  total  output  of  slurry  (93,280  lb)  equals  the  combined 
inputs  (88,800  lb  -)-  4,480  lb),  and  its  detailed  composition  has  been 
calculated.  A  check  balance  on  water,  or  the  element  sodium,  for 
example,  will  confirm  that  there  is  no  obvious  inaccuracy. 

From  this  step,  the  balance  over  the  decanter  may  also  be  derived. 
The  total  insoluble  matter  may  be  taken  as  the  calcium  carbonate 
and  calcium  hydroxide  if  we  neglect  their  solubilities  in  the  presence 
of  sodium  carbonate  and  caustic  soda. 

Thus,  total  insoluble  matter  =  592  -f  7,200  =  7,792  lb. 

From  the  data,  this  should  be  wetted  with  twice  its  own  weight, 
or  2  X  7,792  =  15,584  lb  of  water.  This  water  can,  of  course,  only 
be  present  in  the  form  of  a  solution  of  sodium  carbonate  and  sodium 
hydroxide,  which  will  thus  accompany  the  insoluble  matter  in 
proportion.  So — 


amount  of  NaOH  = 
and  amount  of  Na2C03  = 


5,760  X  15,584 
78,880  ” 


1,138  lb 


848  X  15,584 
78, 88(T 


=  168  lb  (to  the  nearest 
pound) 


All  the  remaining  clear  solution  must  pass  out  of  the  decanter  by 
some  other  route.  Then  the  flow  sheet  for  this  unit  may  be 
constructed  (Fig.  2). 

In  similar  fashion  the  balance  over  the  filter  may  be  constructed, 
assuming  the  calcium  carbonate  and  hydroxide  remain  unaltered, 
as  the  solid  content  of  the  cake. 
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By  the  data,  they  are  accompanied  by — 
7,792  X  49  0 


and 


50 

7,792  x  0-5 
50 


=  7,636  lb  water 
=  78  lb  NaOH 


and  also,  78  lb  Na2C03  (to  the  nearest  pound). 


93,280  lb 
slurry 


78,880  lb  HaO 
7,200  lb  CaC03 
592  lb  Ca(OH), 
5,760  lb  NaOH 
848  lb  Na„C03 


63,296  lb  H,0 
4,622  lb  NaOH 
680  lb  Na2C03 


68,598  lb 
solution 


Decanter 


I 

I 

24,682  lb 
slurry 


/  15,584  lb  HaO 
7,200  lb  CaC03 
592  lb  Ca(OH), 
1,138  lb  NaOH 
v  168  lb  Na2C03 


Fig.  2.  Mass  Balance  over  Decanter,  for  8-hr  Shift 


38,960  lb 
wash  water 


24,682  lb 
slurry 


/  15,584  lb  H20 
7,200  lb  CaC03 
592  lb  Ca(OH)2 
1,138  lb  NaOH 
V  168  lb  Na,COs 


Filter 


46,908  lb  H20 
1,060  lb  NaOH 
90  lb  Na,C03 


48,058  lb 
filtrate 


Fig.  3.  Mass  Balance 


15,584  lb 
filter  cake 


7,636  lb  HaO 
7,200  lb  CaC03 
592  lb  Ca(OH)2 
78  lb  NaOH 
78  lb  Na2C03 


over  Filter,  for  8-hr  Shift 


Also,  we  are  told  that  a  total  wash  of  7  792  x  5  —  ‘48  qua  n  * 

iL  mtraatPePlied  °n  thU  ^  ^  «*  al*°-  ^ 

The  flow  sheet  then  appears  as  shown  in  Fig.  3. 
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The  completed  materials  flow  sheet  based  on  one  8-hr  shift  may 
then  be  constructed  from  these  individual  steps  and  one  possible 
arrangement  is  illustrated  in  Fig.  4. 

Although  this  flow  sheet  shows  all  the  essential  detail  it  is  a  little 
involved,  largely  because  the  flows  into  and  out  of  the  process  are 
not  distinguished  from  flows  between  plant  units.  These  internal 


80,320  lb  H20  \  8,000  gal 

8,480  lb  Na2C03  I  2N  Na2C08~*“ 


< - 4,480  lb  CaO 


63,296  lb  H20 
4,622  lb  NaOH 
680  lb  Na2C03 


78,880  lb  H20 
7,200  lb  CaC03 
592  lb  Ca(OH)2 
5,760  lb  NaOH 
848  lb  Na2C03 


38,9601b 
wash  water 


24,682  lb 
slurry 


15,584  lb  H20 
7,200  lb  CaC03 
592  lb  Oa(OH)2 
1,138  lb  NaOH 
168  lb  Na,C03 


46,908  lb  H20 
1,060  lb  NaOH 
90  lb  Na2C08 


48,058  lb 
filtrate 


Filter 


r  ' 

15,584  lb  1 
-  filter  < 

cake 

7,636  lb  H20 
7,200  lb  CaC03 
592  lb  Ca(OH)2 
78  lb  NaOH 
78  lb  Na2C08 


Fig.  4.  Completed  Mass  Balance  in  Flow-sheet  Form 


flows  may  be  important  in  designing  the  connecting  pipe-work, 
pumps,  etc.,  but  are  not  of  such  interest  as  the  quantities  entering 
and  leaving  the  plant  at  this  stage.  This  objection  is  partly  over¬ 
come  by  the  alternative  form  of  flow  sheet  illustrated  in  Fig.  5. 
The  two  margins  provide  for  the  input  and  output  items,  while  as 
much  or  as  little  detail  as  is  deemed  desirable  may  be  placed  in  the 
main  body  of  the  diagram.  The  two  marginal  lines  represent  an 
imaginary  process  boundary;  any  flow  of  material  which  crosses 
this  boundary  must  be  shown  in  one  column  or  the  other.  Flows 
which  do  not  cross  the  boundary  need  not  be  shown  on  the  diagram 
at  all,  and  in  any  case  will  not  figure  in  either  balanced  column. 
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Fig.  5.  Alternative  Layout  of  Mass  Balance  in  Flow-sheet 

Form 


The  illustration  has  been  deliberately  stripped  down 

show  only  How  of  material  across  the  boundaries  of  the 

it  could  be  extended  to  include  all  the  information  of  the 
now  sheet. 


so  as  to 
process, 
previous 


Heat  Balance 


With  these  illustrations  the  material  flow  sheets 
to  the  investigation  of  the  heat  balance.  This  is  not 
problem  in  this  case,  and  indeed  all  heat  balances 


may  now  lead 
a  very  complex 
are  simple  if  a 
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certain  method  ot  attack  is  developed.  In  making  a  heat  balance 
we  are  concerned  with  the  heat  contents  of  the  streams  of  matter 
flowing  into  and  out  of  the  process.  We  are,  moreover,  concerned 
also  with  relative  heat  contents,  for  it  is  convenient  to  assess  the 
heat  content  of  matter  with  reference  to  some  datum  temperature. 

In  the  present  instance  it  would  be  possible  to  take  any  tempera¬ 
ture  as  an  arbitrary  datum  temperature,  but  it  is  convenient  to 
choose  as  datum  the  temperature  at  which  the  solid  quicklime 
enters  the  process  and  which,  let  us  say,  is  60°F. 

The  items  involved  in  the  heat  balance  for  each  8- hr  shift  are  then 
as  follows,  if  all  specific  heats  are  assumed  to  be  1-0 — 

(i)  Heat  input  of  the  calcium  oxide,  above  60°F  =  0 

(ii)  Heat  input  of  the  sodium  carbonate  solution  above  60°F 

=  88,800  X  1-0  X  (110-  60) 

=  4,440,000  B.Th.U. 


(iii)  Heat  output  due  to  the  exothermic  reaction  involved  in  the 
slaking  of  the  quicklime. 

The  standard  equation  for  this  reaction  in  gramme-molecular 
units  is — 

CaO  -f-  H20  — >  Ca(OH)2  -f  15-5  k.  cal. 


Now  56  g  of  CaO  when  slaked  to  Ca(OH)2  provides  15-5  k.  cal. 

Then  the  4,480  lb  of  CaO  shown  on  the  materials  flow  sheet 
provides  during  the  cycle — 


15-5  X 


/  4,480  x  454 \ 
\  56  ) 


k.  cal. 


=  15-5  X 


i 


4,480  X  454' 
“56“ 


X 


'  1 ,000  x  1*8 

454 


)  =  2,232, 


,000  B.Th.Us. 


(iv)  Heat  output  in  the  total  slurry  above  datum  leaving  the 
causticizer  at  180°F 


=  93,280  x  1  0  x  (180-  60)  =  11,193,600  B.Th.Us. 


(v)  Heat  output  in  losses  from  the  vessel  must  be  assessed.  Now 
at  this  stage  of  the  argument  fundamentals  alone  will  not  allow  us 
to  predict  this  figure.  It  is  largely  a  function  of  the  surface  the  vessel 
exposes,  and  of  course,  at  this  point  we  have  no  idea  of  the  size  or 
shape  of  this  unit  of  plant.  It  is  here  that  experience  would  assist 
us,  if  we  had  previously  tackled  similar  problems. 

In  the  present  case  we  will  assume  that  a  figure  of  300,000  B.Th.U. 
during  the  8 -hour  cycle  will  be  acceptable. 
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The  appearance  of  the  heat  balance  in  the  form  of  a  heat  flow 
sheet  is  then  as  shown  in  Fig.  6. 


Material 


CaO 

NaaC03 

soln. 

From 

reaction 

Heat 

supplied 


60 

110 


Total 


Heat  Above 
Datum 
B.Th.U. 


0 


4,440,000 

2,230,000 

4,821,600 


11,493,000 


Causticizer 


Decanter 


Heat  Above 
Datum 
B.Th.U. 


11,193,600 


300,000 


3F 


180 


Material 


Slurry 


Losses 
(esti¬ 
mated  ) 


11,403,000 


Total 


Fig.  6.  Completed  Heat  Balance,  in  Flow  Sheet  Form 
Datum— Temperature  of  CaO  Supply  =  60°F 


The  discrepancy  between  the  total  input  and  the  total  nntnnt 
indicates  the  amount  of  heat  which  must  be  supplied  to  the  causti 
cizer  by  some  means.  In  the  present  case  there  are  heat  effects  in 
thls  first  stage  only,  so  that  the  heat-flow  sheet  ends  aTtht  stge" 
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yet  it  is  shown  complete.  This  is  in  the  interests  of  clarity,  for  the 
repetition  of  the  central  scheme  in  full  identifies  the  mass  and  heat 
balance  as  relating  to  the  same  process.  If  several  flow  sheets  for 
electrical  power  supply,  water,  steam,  etc.,  are  prepared,  they  may 
appear  quite  different,  if  only  those  items  of  plant  directly  affected 
are  shown. 

It  is  good  practice  to  prepare  a  simple,  formal  flow  sheet  with  the 
process  diagram  in  the  centre,  and  then  to  write  in  the  desired 
balance.  A  set  of  flow  sheets  may  then  be  rapidly  and  easily 
compared — a  clarifying  effect  which  is  well  worth  the  little  extra 
trouble  necessary  to  secure  it. 

In  leaving  the  mass  and  heat  balance  of  the  process  it  is  of  interest 
to  note  a  few  queries  which  its  construction  raises.  They  are  as 
follows — 

(а)  Is  the  solubility  of  calcium  carbonate  and  of  calcium 
hydroxide  in  these  various  liquids  in  fact  negligible  ? 

(б)  Can  the  solution  produced  from  the  decanter  be  bulked  with 
the  filtrate  to  provide  a  solution  acceptable  for  process  purposes  ? 

(c)  If  this  is  not  so,  will  it  be  necessary  to  concentrate  one  or  the 
other,  possibly  either  by  starting  with  a  more  concentrated  solution 
of  sodium  carbonate,  or  by  adding  solid  soda  ash  ? 

(d)  What  is  the  specific  heat  of  the  material  in  the  causticizer  ? 

More  and  more  questions  of  this  sort  are  provoked  by  the  effort 

of  constructing  mass  and  heat  balances,  and,  as  has  been  said 
before,  the  questions  thus  raised  constitute  a  further  advantage  of 
this  necessary  first  step  in  tackling  chemical  engineering  problems. 


CHAPTER  II 


Materials  Handling 


In  any  unit  operation  gases,  liquids  or  solids,  or  any  mixture  of 
these  must  be  passed  through  the  apparatus.  A  considerable  part 
of  the  problem  of  design  revolves  around  this  need,  and  the  inten¬ 
tion  of  this  short  chapter  is  to  review  the  main  methods  by  which 
materials  may  be  transported  through  a  process.  Although  no 
attempt  will  be  made  to  consider  particular  details  the  student 
should  realize  that  the  mechanism  of  handling  is  fundamental  to  a 
rational  approach  to  process  machinery.  Such  conventional  forms 
as  do  exist  amongst  chemical  plant  are  generally  extant  just  because 
of  some  feature  of  the  handling  problem.  Driers,  evaporators, 
filters  and  cooling  frames  are  instances  which  in  general  have 
recognizable  forms  because  their  central  feature  is  that  they  con¬ 
veniently  handle  .the  materials  passing  through  them.  When  this 
is  appreciated  in  any  of  these  cases,  and  the  design  tackled  basically 
from  that  angle,  the  result  is  generally  a  break  with  the  traditional 
form.  Thus,  when  the  stoichiometric  outline  of  a  process  is  fixed, 
the  physical  requirements  of  the  unit  operation  must  be  visualized 
in  relation  to  those  of  the  handling  problem  involved. 

An  outline  of  materials-handling  problems  falls  readily  into  two 
sections  associated  with  fluids  and  solids  respectively,  although  a 
subdivision  may  be  made,  depending  upon  whether  the  process  is 
to  be  batch  or  continuous. 


FLUID  HANDLING 

thTTmnpt,nw!f  S  are  TfiaUy,  t0  floW  thl'ou8h  a  Process  under 

the  impetus  of  an  artificial  head,  or  pressure.  Thus  the  work 

reqmred  is  supplied  externally  by  gravity,  or  by  a  pump  or  blower 

he  principles  of  design  of  pumps  and  fans  are  properly  treated  as 

S;  tudv^wf8  °f  Td  ^  eompressL  are  In" 

they  corro:ive  nature  :f  manTof  theTv practice> 

accordance  with  the  physical  properties  of  that  material  “ 

proteetlvlTining^i^whfch  Jhe  nVr  C°mpr0mise  of  the  aPpUed 

sound  material  which  is  then  mvi  TT  !'S  made  0<  mechanically 
of  suitable  materials  of  consteuction  '“ly,  This  problem 
transportation  of  fluids  through  the  actual  plant  “nit!  ^  “  the 
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Fluids  by  their  very  nature  can  be  caused  to  flow  readily,  and 
may  be  passed  through  a  plant  either  in  a  discontinuous  or  con¬ 
tinuous  fashion,  but  the  combinations  of  mechanical  abrasion, 
chemical  corrosion  and  hydraulic  erosion  encountered  in  chemical 
processes,  are  so  severe  as  to  preclude  the  use  of  refined  pump 
designs.  In  such  cases  crude  machines  are  used,  which  sacrifice 
efficiency  as  the  price  of  simplicity  in  construction  and  maintenance. 
This  complexity  notwithstanding,  the  present  chapter  contains  an 
outline  of  the  basic  types  of  pump  and  the  principles  upon  which 
their  design  and  operation  rests. 

Liquid  Handling 

These  machines  may  be  divided  arbitrarily  into  three  classes — 
displacement  pumps,  centrifugal  pumps  and  miscellaneous  types. 

Displacement  Pumps.  The  common  feature  of  these  machines 
is  that  the  liquid  to  be  moved  is  put  in  motion  by  the  intervention 


TEAM  VALVE  GLAND 

_ i! 

1  DISCHARGE 

,JL 

VALVE 

r 

r 

] 

e  x  a 

PUMP  ROD  \oKE 

KSUCTION 
jfl  VALVE 

Fig.  7.  Diagrammatic  Section  of  Direct-acting,  Steam-driven 

“Simplex”  Pump 


of  a  displacing  member.  There  is  great  variety  in  practice  as  to  the 
means  by  which  this  is  brought  about,  but  the  commonest  form  is 
that  employed  in  the  reciprocating  pump. 

Reciprocating  Pumps.  The  essentials  of  this  pump  are  a  cylinder 
to  contain  the  fluid,  a  piston  or  plunger  to  displace  the  fluid,  and 
valves  to  regulate  the  motion  of  the  fluid.  The  reciprocating  motion 
of  the  plunger  may  be  imparted  directly  from  a  steam  cylinder,  or 
through  a  crank  and  fly  wheel ;  alternatively  the  pump  may 
be  power  driven.  Fig.  7  illustrates  in  simple  diagrammatic  form  a 
simple  pump  of  the  direct-driven  type. 

On  the  “out”  stroke,  the  pressure  in  the  liquid  cylinder  falls,  and 
liquid  enters  through  the  inlet  valve ;  on  the  “in”  stroke  the  liquid 
is  forced  out  through  the  discharge  valve.  Such  a  pump,  with  only 
one  discharge  per  cycle  is  called  a  single-acting  pump.  Fig.  8 
illustrates  in  outline  the  adaptation  of  a  similar  cylinder  to  double 
action,  with  two  smaller  discharges  per  cycle. 
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Further  complications  may  be  introduced  by  extending  the  single 
cylinder  (or  simplex)  pump  to  a  two,  three  (duplex,  triplex)  or  an 
even  greater  number  of  cylinders,  each  of  which  may  be  single-  or 
double-acting. 


Fig.  8.  Pump  End  of  Fig.  7  adapted  for  Duplex  Action 


The  theoretical  capacity  of  a  simplex,  single-acting  pump  of 
bore  D  in.,  stroke  L  in.,  operating  at  N  strokes  per  min  is,  obviously — 


q  = 


ttD2 

4 


LN  in.3/min 


ttI)2LN 
4  x  1,728 


ft3/min 


t tD*LN  x  6-25  D2LN 


4  x  1,728 


352 


gal/min 


If  the  same  cylmder  were  converted  to  double  action,  the  discharge 
tor  the  in  strokes  would  be  the  same,  and  that  on  the  outward 
stroke  would  be  almost  the  same-actually  slightly  less  because  of 
the  volume  occupied  by  the  pump  rod  (of  diameter,  cl),  or. 

„  _  D*LN  ,  (l-)2  -  cl2)LN  . . 

■1  o-o  i  - gal/min 


352 

D2LN 


352 


^  9  d*\  ,/  • 

352  y  gij  gal/mm 

Thus,  the  theoretical  capacity  of  the  cylinder  in  double  action 

“  l2  5*)  timeS  What  i4  woukl  bo  w  single  action,  other  things 

being  equal.  The  smaller  the  numn-rod  di», _ *  ,  • 

to  the  bore  D,  then  the  more  closely  T»hT  1?  comParison 
approaches  twice  that  in  single  action  '  Th  bvJe'ac^on  capacity 
of  a  duplex  arrangement  in  either  single  or  '  ]t,h|'‘01'e  ical  capacity 
lust  twice  the  capacity  in  single  action  b  *  °n  Would  bc 
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The  theoretical  water  horse  power  of  such  a  pump  is  given  by 
multiplying  the  theoretical  weight  capacity  by  the  total  lift  H  in 
feet,  and  dividing  by  33,000,  thus — 


W.H.P. 


qX  H  x  W 

33,000 


where  W  =  weight  of  1  gal  of  liquid 

q  =  capacity  of  pump  in  gal/min 


The  volumetric  efficiency  of  a  pump  is  defined  as  the  ratio 
between  the  theoretical  displacement  and  the  actual  measured 
displacement,  often  in  the  form  of  a  percentage. 


Thus,  Ev  =  X  100 

where  q  —  measured  capacity  gal/min. 

The  percentage  “slip”  ^1  —  100,  may  vary  from  2  per  cent  in  a 

new  pump  to  20  per  cent  in  a  pump  operating  under  unfavourable 
conditions.  The  chief  sources  of  “slip”  are  leakage  past  the  plunger, 
leakage  past  valves,  and  leakage  from  the  pump-rod  gland. 

The  pressure  or  head  at  which  the  fluid  is  expelled  from  the  pump 
is  controlled  in  the  first  place  by  the  diameter  of  the  piston  and  the 
total  thrust  exerted  on  it  via  the  pump  rod.  In  the  case  of  a  direct- 
driven  steam  pump,  the  diameters  of  the  steam-end  and  liquid-end 
pistons  must  be  related  in  the  ratio — 

21  =t 

7>2  ps 

where  ps  =  steam  pressure  lb/in.2, 

p  =  desired  pump  pressure,  lb/in.2, 

J)s  =  steam  cylinder  bore,  in., 

1)  =  liquid  cylinder  bore,  in. 

Alternatively,  if  the  pump  is  mechanically  driven  the  thrust  F  in 
the  pump  rod,  in  lb,  and  the  pressure  in  the  liquid  end  are  related 
thus — 

,  7 tD2 

p  =  p  X  -j- 


The  diameter  of  the  pump  rod  d  must  obviously  be  related  to 
the  compressive  strength,  under  either  of  these  conditions  thus — 

pD 2  >  fcd 2 

fc  =  safe  compressive  strength  of  the  pump  rod  material,  lb/in. “ 
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The  mechanical  efficiency  of  the  pump  is  defined  as  the  percentage 
ratio  of  the  water  horse  power  to  the  brake  horse  power  input  of  the 
drive,  and  is  generally  in  the  range  of  60-80  per  cent. 

The  discharge  of  a  simplex  single-acting  pump  is  pulsating,  and 
is  approximately  as  shown  in  the  diagram  (Fig.  9  (a) ). 
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tic.  9.  Discharge  Characteristics  of  Simple 
Reciprocating  Pumps 

(a)  Single  acting.  (b)  Double  acting,  same  size  as  in  (a). 


',loul,lc  actit*g’  ;t  has  two  discharges  per 

«>  ''-*1°  iiKT-tS 

may  be  accommodated  in  the  vessel  as  the  ®^Clty>  Peak  discharge 
the  pump  discharge  and  pressure  fall  Z  ComPressed-  When 

»  -d,  to  p„,h  5»  ta'  X 
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this  means,  an  undamped  discharge  curve  may  be  modified  as  shown 
in  Fig.  10. 

The  amount  of  storage  desirable  in  the  vessel  is  determined  by 
the  pump  cycle,  ranging  from  one  half  of  the  cylinder  volume  for  a 
simplex  direct  action,  to  a  twenty-fourth  for  a  triplex  double  action. 
When  this  desirable  liquid  storage  in  the  vessel  has  been  fixed, 
it  is  necessary  to  provide  sufficient  liquid  and  air  capacity  to 
affect  it. 

If  the  pressure  or  head  in  the  discharge  main  is  to  be  pm  lb/in.2 
while  the  discharge  pressure  is  p,  then  there  must  be  in  the  air 


Fig.  10.  Effect  of  Air  Vessel  upon  Characteristics  of  Fig.  9  (a) 


vessel  as  much  gas  or  air  as  will  compress  by  the  required  storage 
volume  in  the  pressure  range  pm  to  p. 

If  the  required  liquid  storage  volume  is  v,  and  the  air  volume  at 
pm  lb/in.2  =  Vm,  then  approximately— 

Pm^m  Pi  ^  m  *  ) 


or 


pv 

P~  Pm 


If  Va  is  the  air  volume  at  atmospheric  pressure  pa,  i.e.  when  the 
pump  is  stopped  or  drained, 

Pm  J  rn  =  Pa  ^  a 


if  _  Pulp*-  _ 

aIld  ~  PaiP  ~  Pm) 

The  total  volume  of  the  air  vessel  is  then,  say,  10  per  cent  greater 
than  this,  to  allow  some  liquid  seal.  The  diameter  of  the  vessel 
should  be  as  great  as  is  convenient,  but  in  any  case  not  less  than 
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the  pump  bore,  so  as  to  prevent  undue  acceleration  in  the  liquid 
stream 

The  whole  volumetric  and  mechanical  efficiency  of  a  reciprocating 
pump  depends  to  a  great  extent  on  the  performance  of  the  valves. 
The  speed  with  which  the  valves  can  settle  down  on  the  seating 
limits  the  speed  of  the  plunger,  and  the  tightness  of  the  closure 
directly  affects  the  slip.  The  liquid  speed  through  the  valves  is 
kept  as  low  as  possible,  so  as  to  reduce  erosion  and  abrasion.  The 
number,  position  and  type  of  valve  are  critical  features  of  design. 
The  use  of  multiple  valves  has  resulted  in  the  development  of  a 
valve  chamber  containing  a  valve  deck  in  which  the  valve  seats 
arc  fitted.  The  appropriate  connexions  between  the  cylinder  and 


discharge  or  suction  main  are  provided,  and  separate  covers  to  the 
valve  chambers  render  the  valves  accessible.  Valve  designs  show 
great  variation,  but  the  basic  types  are  disc  valves,  ball  valves 
and  conical  wing  valves. 

Special  Forms  of  Displacement  Pump.  The  duties  required  of 
pumps  in  chemical  works  have  occasioned  developments  other 
than  the  usual  devices  of  linings,  non-metallic  valves  and  seats 

devel°Pment  is  the  diaphragm  pump,  in  one  form 
oi  which  the  plunger  is  kept  out  of  contact  with  the  pumped  fluid 
by  the  interposition  of  a  rubber  diaphragm.  The  plunger  works 
in  clean  water,  while  its  motion  is  transmitted  to  the  fluid  being 

diWnts  wi  h1Cth  l^01’  °fithC  ,diaPhra8m-  An  alternative  form 
to  the  pump  rod  ‘  P"n8C1’  tho  dlaPhragm  ,M'ln«  secured  directly 

enrolovimr radlCid  alteration  in  design  is  that  illustrated  in  Jfig  11 
employing  compressed  air  as  the  displacing  ni\tnn  Thi  •  V 

Of  a  Simple  pot,  which  is  first  filled  by  gravitv^ The  „ 

then  cIospH  tho  ,  1  ,  J  giavny.  me  inlet  valve  is 

SfarS&ftS  tS?!f  ^  £  *S2S 
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for  elevating  odd  batches  of  liquid,  but  it  can  be  modified  by  the 
inclusion  of  automatic  float  valves  or  timing  gear  to  give  more  con¬ 
tinuous  action.  The  disadvantage  of  this  cycle  is  that  the  chamber 
is  full  of  air  at  a  pressure  equivalent  to  the  discharge  head  of  liquid 
and  this  must  be  allowed  to  escape  before  the  cycle  can  be  repeated. 
The  operating  efficiency  is  thus  low,  but  its  simplicity  in  construction 
and  operation  is  attractive. 

These  pumps  in  their  various  forms  have  the  disadvantages  of  a 
reciprocating  action,  namely  a  pulsating  discharge,  reversal  of 
motion  and  consequent  stress.  In  many  corrosive  conditions  the 
valves  or  pump  rod  and  gland  are  especially  troublesome.  Such 
pumps  are  generally  bulky  and  rather  unsuitable  for  handling 


Fig.  12.  Diagrammatic  Sections  of  Centrifugal  Pump 


gritty  suspensions.  At  the  same  time  they  have  the  property, 
associated  with  slow-moving  reciprocating  machinery,  of  keeping 
at  work  when  in  bad  repair.  They  are  suitable  for  delivering  at 
high  pressures ;  the  discharge  is  independent  of  that  pressure,  and 
similarly  the  discharge  head  is  independent  of  running  speed. 
Finally,  they  are  positive  in  action,  and  capable  of  operating  at 
substantial  suction  heads. 

Centrifugal  Pump.  The  basic  principle  of  the  centrifugal  pump 
is  that  a  rotor  or  impeller  imparts  circular  motion  to  a  liquid,  the 
resulting  velocity  head  being  subsequently  converted  to  static 
head  in  a  suitable  casing.  The  fundamental  equation  for  such  a 
machine  is  derived  from  Bernoulli’s  Theorem  in  the  form 

9;  2  2 

H2  -  H,  = 

2  1  2g  2g 


where  //.?  and  are  inlet  and  outlet  pressure  heads  and  and 
are  mean  fluid  velocities  at  the  same  points.  The  hydraulic  effi¬ 
ciency  with  which  the  reduction  of  velocity  head  can  be  converted 
to  pressure  head  for  any  quantity  of  materials  involved  is  a  function 
of  pump  design.  This  conversion  may  be  effected  by  means  of  a 
spiral  casing  of  steadily  increasing  cross  section  (a  volute  casing) 
or  by  means  of  specially  shaped  guide  vanes  or  diffuser  rings. 
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With  a  simple  design  sueh  as  that  shown  in  Fig.  12  in  mind, 
certain  simple  laws  of  operation  can  be  stated. 

(i)  The  discharge  from  such  a  pump  will  be  directly  proportional 
to  the  impeller  speed. 

y  2  _  y  2 

(ii)  By  the  simple  relationship  H2  —  Hx  =  2  0— and  granting 


2g 


~7 

that  these  velocity  terms  are  some  direct  function  of  impeller 
speed,  then  the  pumping  head 


- /  X  X  C-/ 

varies  as  the  square  of  the 
impeller  speed. 

(iii)  Finally,  the  water  horse 
power  of  the  pump  is,  by  a 
combination  of  (i)  and  (ii), 
proportional  to  the  cube  of 
the  impeller  speed. 

These  are  ideal  laws,  only 
approximately  obeyed  in  prac¬ 
tice,  but  they  enable  extra¬ 
polation  of  data  from  one 
shaft  speed  to  another  to  be 
made  for  any  pump.  Alterna¬ 
tively,  the  operating  charac¬ 
teristics  of  two  differently 
sized  but  geometrically  similar 
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Fig.  13.  Typical  Characteristic 
Curves  for  a  Centrifugal  Pump 


pumps  may  be  related.  The  performance  of  a  pump  at  a  fixed 
speed  is  of  more  general  interest,  however,  and  this  is  conveniently 
represented  by  a  set  of  characteristic  curves,  as  in  Fig.  13. 

The  head-capacity  curve  is  of  particular  interest,  for  although 
it  is  established  on  the  test  bench,  it  enables  the  operating  con¬ 
ditions  of  the  pump  to  be  established  in  any  service.  Thus,  suppose 
that  a  pump  whose  characteristics  are  known  is  to  be  put  on  a  duty 
o  fixed  delivery  head.  Then  if  a  series  of  values  of  friction  heads 
at  vaiious  discharge  rates  are  calculated  they  may  be  added  to  the 
static  head,  and  the  total  plotted  on  the  characteristics  graph  The 

st ir  “» **  .£ 

I  lie  important  points  of  design  are  the  shaping  of  the  impeller 

velocity  V  ^  “'7  influenee  the  efficiency  wit  h  wffich 
velocity  head  is  converted  to  static  (or  mum, him  head  Vnn» 

"*rd  “ 

speeds  while  forward  cnrTature8^ ^.s  used'at  lo"g  ‘“T  1“  Wgh 
vanes  are  only  used  on  small  nnnin«  «  •  sP®e<^s'  straight 

the  ^^SXOVOrti°m  *Sw  ty 

di^etCTSand1sp^ieisS'^fl^gjgp’1j.1jQ*1p*0^®c®0®^I^H°^onjnpeller 
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the  liquid  enters  the  pump  at  negligible  velocity,  then  the  ultimate 
peripheral  velocity  V  of  the  liquid  at  the  impeller  rim  will  be 
related  to  the  desired  head  H  by  the  formula — 


Now  if  an  impeller  of  diameter  D  feet  is  driven  at  N  r.p.m. 


V  = 


NttD 

60 


ft /sec 


and  so 


60 


ND  =  \  '  2gH  x  — 

7 T 


Any  convenient  combination  of  speed  and  impeller  diameter  may 
then  be  selected,  but  the  former  is  generally  fixed  at  the  usual 
electric  motor  speeds  of  950  or  1,450  r.p.m.,  for  direct  drives.  The 
resulting  diameter  must  usually  be  increased  by  about  15  per  cent 
to  allow  for  slip,  etc. 

The  suction  and  discharge  connexions  are  so  proportioned  in 
relation  to  the  maximum  discharge  of  the  pump  as  to  restrict 
the  liquid  velocities  therein  to  something  less  than  6  ft/sec.  \  olute 
chambers  are  of  two  main  types.  The  variable-velocity  volute  is 
actually  a  conical  passage  of  about  angle  although  it  sometimes 
takes  the  form  of  a  logarithmic  spiral.  The  liquid  velocity  gradually 
decreases  as  it  passes  along  the  volute,  pumping  head  gradually 
being  developed.  In  the  constant -velocity  volute  the  section 
increases  so  as  to  maintain  a  steady  liquid  speed  aftei  leaving  the 


diffuser. 


rnuser. 

Now,  while  great  refinements  in  centrifugal  pump  design  have 
been  introduced,  it  is  true  that  in  the  difficult  field  of  chemica 


Ucull  lllbi UtiULCvlj  tu  xo  #  •  XL  i  i 

works,  pumping  design  remains  simple.  Efficiency  is  frequently 
sacrificed  for  simplicity  and  ruggedness  in  design.  Such  pump? 
have  neither  valves  nor  internal  mechanisms;  they  are  capablt 
of  discharging  solid-bearing  sludges  when  open  impellers  are  usee 
and  are  suitable  for  construction  in  many  noil-metallic  materials 
The  discharge  is  steady  and  capable  of  variation  with  pump  speed: 
and  no  damage  results  from  control  systems  operating  on  the  dis¬ 
charge  line.  They  are  not  capable  of  high  heads  in  a  single  stag* 
(i.e.  not  above  100  ft  water)  but  multi-stage  pumps  may  b* 

constructed.  .  , 

The  disadvantages  of  these  pumps  are  firstly  due  to  their  higJ 

speed,  with  consequent  vibration  and  lack  of  balance,  and  thes- 
are  accentuated  when  the  pump  is  not  in  good  repair.  The  impelle 
of  a  centrifugal  pump  is  subject  to  sets  of  unbalanced  forces,  in 
first,  acting  radially,  is  due  to  a  lack  of  symmetry  in  the  impede 
and  is  troublesome  at  low  speeds,  but  can  be  prevented  by  balancing 
the  impeller.  The  second,  prevalent  in  single  suction  impellers,  act 
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as  an  axial  thrust.  It  can  be  compensated  by  hydraulic  balancing 
which  involves  some  type  of  sealing  ring  running  between  impeller 
and  casing  on  the  non-feed  side  of  the  pump.  The  inner  portion  of 
the  impeller  may  then  be  connected  to  the  feed  side,  so  balancing 
the  thrust.  Alternatively,  the  thrust  may  be  taken  on  a  thrust 


Fig.  14 


Fig.  15 


side  of8the  pump"06  d"lm  with  Pressure  supplied  from  the  discharge 

Good  care  is  necessary  to  prevent  cavitation  or  loss  of  prime 
liquids  “  °f  air  Ieaks’  «  by  “gassing”  in  hot,  vobatde 

.^fE,LLANEOns  Pumps.  Various  pumping  actions  are  used  in 
C“^r^’  S°me  f  ",hich  a,e  “*d  below 
treatment  ami  its  H  S'mP  °  ViCe  !f°ks  an  ad^ate  theoretical 

usn'Ty  ernTdoyed  a  n  f  fin  ^  emPirioaL  As  i» 

air  at  its  lower  end  is  susnend  l "  *  COnnexion  for  compressed 

liquid  to  be  Dimmed  u!'i  m  a  sumP  or  wed  containing  the 
pipe,  a  column  of  aerated  Km”  ,cP™Prcsscd  a*>'  >s  admitted  to  the 
the  surrounding  liquid  lev  I,"!.,!*  drmed>  wf»ch  being  lighter  than 
generally  not  much  ...  f  "'I  the  lnner  tube-  The  lift  is 

is  very  simple,  and  hence  uscfnl  'h  Su^mer8ence>  but  the  method 
tolerated  (Fig.  14).  u  en  aeration  ol  the  liquid  can  be 

crude  injl^r with^notX’anTdiffu10'^'^^ ’’  consists  ofa  rather 
pressed  air  or  steam.  It is Tffictn  '  but"'’4  t'8  °^d  by 
mould  is  made  it  may  be  re  cast  “  *  l*.  slmPle>  and  if  a 
need  of  repair  (Fig.  li).  t  ’  say-  chemical  lead,  when  in 


l 
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Rotary  Pumps.  This  class  comprises  very  many  ingenious 
devices,  most  of  which  attempt  to  combine  the  advantage  of  positive 
displacement  with  those  of  rotary  action.  In  general  they  consist 
of  a  rotor  or  rotors  which  convey  liquid  from  one  side  of  the  casing 
to  the  other  without  the  use  of  valves.  They  generally  deliver  low 
quantities  at  high  head.  Three  common  types  are  illustrated  in 
Figs.  16,  17  and  18. 


Fia.  16 


Fig.  17 


Fig.  18 


Gas  Handling 

In  this  section  of  fluid  handling  it  is  important  to  realize  that 
gases  may  be  treated  in  two  ways.  They  may  be  merely  transported 
through  a  process  or,  because  of  their  compressible  nature,  they 
may  be  made  to  transfer  energy.  In  the  present  outline  no  attempt 
will  be  made  to  deal  with  compressors  as  such,  the  treatment  bein^i 
restricted  to  transport  of  gases  at  low  or  moderate  pressures  by 
means  of  fans  or  blowers. 

Fans  are  of  two  main  types,  axial-flow  and  radial-now,  anc 
some  miscellaneous  types.  The  former  are  only  of  real  use  when 
large  volumes  of  gas  are  to  be  moved  against  negligible  resistance 
In  other  cases,  the  radial-flow  fans,  particularly  the  centrifugal 
type,  must  be  employed. 
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All  fans  obey  a  set  of  simple  performance  laws  similar  to  those 
mentioned  in  connexion  with  centrifugal  pumps.  They  are  obeyed 
sufficiently  well  in  practice  to  be  of  use  in  extrapolating  performance 
|  from  one  set  of  conditions  to  another. 

(i)  Discharge  rate,  or  capacity,  varies  as  the  fan  speed. 

(ii)  Total  pressure  (static  plus  velocity  head)  varies  as  the 
square  of  the  speed. 

(iii)  From  (i)  and  (ii)  the  power  consumption  varies  as  the  cube 
of  the  speed. 

(iv)  At  constant  speed  and  discharge,  power  varies  as  gas  density. 

(v)  At  constant  total  pressure,  speed,  capacity  and  power  vary 
as  the  square  root  of  gas  density. 

The  mechanical  efficiency  of  a  fan  is  defined  as  the  percentage  ratio 
of  the  work  done  on  the  gas  to  the  work  input,  commonly  stated 
as  the  percentage  ratio  of  output  horse  power  to  input  horse  power. 
The  input  horse  power  may  be  calculated  using  only  the  static  head, 
or  upon  the  basis  of  the  total  head.  The  argument  for  the  former 
is  that  this  is  the  only  useful  pressure  developed  in  the  fan,  but  this 
neglects  the  essential  work  done  in  putting  the  gas  in  motion.  In 
any  case,  in  fans  capable  of  delivering  at  different  rates  at  fixed 
i  static  head,  the  former  assumption  results  in  varying  efficiencies. 
Also,  with  axial-flow  fans,  which  deliver  at  high  rates  against  low 
heads,  the  static  power  consumption  is  a  small  part  of  the  whole. 

Axial- flow  Fans.  The  main  types  are  propeller  or  disc  fans, 
and  airscrew  fans,  and  they  are  capable  of  efficiencies  ranging  from 
70-90  per  cent.  The  general  construction  is  of  a  multi-blade  screw, 
with  from  four  to  twenty-four  blades  mounted  on  a  central  hub  or 
boss  and  rotating  in  a  ring  or  shrouding,  with  a  clearance  of  from 
0-05  to  0-15  in.  In  disc  fans  the  blades  are  flat,  whereas  complicated 
aerofoil  sections  are  used  in  airscrew  fans.  The  peripheral  speed  is 
in  the  range  of  90-100  ft/sec,  (although  values  of  less  than  50  ft /sec 
are  necessary  if  noise  is  to  be  avoided).  On  this  basis  a  fan  to 
deliver  q  ft3/min  of  gas  would  have  properties  such  that — 


also 


ttDN 
12  x  60 


90  or  100 


where 


y  = 

3  7T02  -  d2)60 

D  =  fan  diam.  in  in. 
d  =  boss  diam.  in  in. 

N  =  fan  speed  in  r.p.m. 

Va  =  gas  velocity  in  duct  in  ft/sec 


a— (T.653) 
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If  a  speed  and  diameter  are  selected,  the  velocity  head  and  thus 
the  total  power  consumption,  may  be  found. 

The  performance  characteristics  of  these  machines  are  illustrated 
in  Figs.  19  and  20. 

The  discharge  of  a  disc  propeller  fan  has  its  best  efficiency  in 
rather  a  limited  range  of  operation  but  power  consumption  decreases 
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DISCHARGE  RATE  — 

Fig.  19.  Typical  Characteristic  Curves  of  Propeller 

or  Disc  Fan 
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Fio.  20.  Typical  Characteristic  Curves  of  Airscrew  Fan 


as  discharge  falls  off;  on  the  other  hand,  the  airscrew  design  hat- 
reasonable  efficiency  over  a  much  wider  range  of  conditions,  bui 
the  power  consumption  gradually  increases. 

Radial-flow  or  Centrifugal  Fans.  The  usual  construction 
of  these  fans  is  shown  in  Fig.  21.  The  general  operation  is  as  witl 
centrifugal  liquid  pumps,  but  the  need  for  balance  in  the  loto 
is  even  greater,  in  order  to  avoid  vibration  and  noise.  The  use  o 
blades  of  differing  profile  enables  the  ratio  between  the  radial  ano 
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tangential  components  of  the  air  stream  leaving  the  tip  to  be 
altered,  as  shown  in  Fig.  22. 

In  the  straight  blades,  the  resultant  gas  velocity  V  cannot 
greatly  exceed  the  tip  velocity  v,  unless  a  high  radial  component 
u,  is  introduced.  In  forward  profiles,  however,  F  is  greater  than 
Iv,  the  reverse  being  the  case  with  backward  blades.  The  terms  of 


Fig.  21.  Diagrammatic  Section  of  Centrifugal  Fan 


Fig.  22.  Velocity  Diagrams  for  Various  Blade  Profiles 


the  total  pressure  rise  in  gas  travelling  from  blade  heel  to  tip  may 
be  simply  reviewed  in  the  case  illustrated. 

Let  a  mass  of  gas  m  pass  from  heel  to  tip  of  a  blade,  then — 

Change  of  momentum  =  —  F2  —  —  J7  =  01  i y,  —  V  ) 

g  g  g  2  it 

where  subscripts  1  and  2  indicate  velocities  at  heel  and  tin 
respectively.  ^ 

The  change  in  moment  of  momentum  about  the  centre  of  impeller 

m 

=  ~  (  V2R2  COS  02  —  COS  0^ 

Thus,  at  an  angular  velocity  co,  the  work  done _ 

ffi 

P  =  7  (°>V2R2  COS  (f>2  -  C>rx«1  COS  <^,) 


Now 


ojR2  =  v2  and  coRl  =  vl 


•  (1) 
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Further  V2  cos  <^2  =  v2  —  u2  cos  02 

and  Vx  cos  (/>l  =  vx  —  ux  cos 

0 

and  substituting  in  ( 1 ) — 


P  —  —  [v2(v2  —  u2  cos  02)  —  v1(v1  —  ux  cos  0j)] 

9 

771 

—  —  {{V2  ~  U2V2  008  $2 )  “  (Vl2  ~  U1V\  COS  0l)]  •  (2- 

Now  also  Vx2  ==  u22  +  v22  —  2 u2v2  cos  02 

and  V22  =  uL2  -f  vx2  —  2 u1v1  cos  01 

from  the  parallelogram  of  velocities,  or — 


cos  6X  = 


V  +  V  -  tv 


and,  cos  02  =  ‘ 2 

Substituting  in  (2),  therefore- 


n22  -\-  v  2 


2u1v1 
2 

2 


V22 


2u9v0 


P  = 


m 

9 


V2  ~  U2V2  ( 


u22  +  vJ  -  V2' 


2  u2r2 


2 


UiV 


VI 


=  m 


‘u2~  —  u  2 


2 9 


M  +  P 


o  9\ 

tv  —  v2l 


2  9 


'%2  +  Vl2—  V  2 
2  ulv1 

V2  - 


2  g 


In  this  expression  the  first  and  second  terms  represent  the  ris 
in  static  head  due  to  swirl,  or  vortex  action,  while  the  third  repre 
sents  that  available  for  recovery  in  a  suitable  volute  casing. 

The  characteristics  of  forward-  and  backward-curved  blade 
show  some  interesting  differences,  as  illustrated  in  Figs.  23  and  24 

The  forward-curved  blade  has  the  character  of  maintaining  it 
flow  over  wide  alterations  in  total  head,  but  the  power  consumption 
rises  continuously,  and  a  risk  of  overloading  the  drive  motor  arises 
With  the  backward-curved  blade,  on  the  other  hand,  variations  i 
rate  are  possible  in  a  narrow  range  of  pressure  change.  At  the  sam 
time,  the  power  curve  passes  through  a  maximum  approximated 
coinciding  with  the  maximum  in  the  efficiency  curve.  This  is  know 
as  a  “self  limiting  horse  power  fan,”  and  it  cannot  overload  it! 
drive. 

There  are  certain  features  associated  with  the  mechanical  desig 
of  the  centrifugal  fan  that  are  of  importance  in  operation.  The& 
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are  associated  with  the  balancing  of  the  rotor,  which  must  be 
balanced  both  statically  and  dynamically. 

Static  unbalance  is  due  to  unequal  mass  distribution  in  the 
rotor.  If  this  unbalance  is  equivalent  to  a  small  displacement  of 
the  centre  of  gravity  a  distance  r  from  the  axis  of  rotation,  centri¬ 
fugal  forces  proportional  to  the  mass  of  the  rotor,  and  r,  and  to  the 
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Fig.  23.  Typical  Characteristic 
Curves  for  Centrifugal  Fan 
with  Forward  Blade  Angle 
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Fig.  24.  Typical  Characteristic 
Curves  for  Centrifugal  Fan 
with  Backward  Blade  Angle 


fquare  of  the  speed,  will  be  set  in  motion.  The  resultant  force 
>n  the  bearings  can  be  prevented  by  applying  a  suitable 
ounterweight. 

Dynamic  unbalance  is  due  to  masses  not  in  the  plane  of  rotation, 
lthough  the  centre  of  gravity  may  be  on  the  axis  of  rotation,  and 
hey  may  likewise  be  removed  by  balance. 


<°>  _  (b) 

t  ig.  25.  Unbalanced  Rotors 
(a)  Jn-board  bearings.  (ft)  Centrally  supported. 


When  the  weight  of  the  shaft  and  impeller  is  not  negligible  the 
■arting  torque  is  an  important  limitation  of  design  of  oneration 


Rx  =  W  +  r2 

here  11  =  weight  of  rotor,  and  taking  moments  about  a, 

=  -^2(^1  d-  ^2) 
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so  Rx  =  R2 

Also  taking  moments  about  b, 


Thus 


R2l2  =  Wl x 


Ri  +  K2 


Now,  if  the  coefficient  of  friction  in  the  bearings  is  p  and  the  shatl 
diameter  =  D  ft — 

Starting  torque,  T  =  [i  (R1  -f  R2  +  TFS)  — 


=  a 


D  /  Wlx 

2  [  l2 


+  2  +  W8 


Where  the  impeller  is  centrally  supported  between  two  equivalen 
bearings 

T  =  (  W  +  WQ  ^ 

Ean-output  Control.  Simple  provisions  for  controlling  faj. 
output  are  often  necessary,  and  the  main  methods  available  an 
damper  control,  vane  control  and  speed  control.  Damper  contro 
is  practised  on  the  inlet  or  outlet  duct,  while  the  fan  is  driven  by 
constant-speed  motor.  The  effect  of  partially  closing  the  dampe* 
is  to  impose  an  additional  resistance  on  the  fan,  so  that  a  discharg. 
head  relationship  not  on  the  characteristic  curve  may  be  attainec 
Thus,  if  a  fan  with  characteristics  as  in  Fig.  23  is  required  to  perforn 
a  duty  at  A,  the  damper  is  used  to  produce  such  a  resistance  hea.i 
AB  that  the  fan  actually  runs  at  condition  B. 

The  device  is  quite  simple,  but  the  power  required  to  overcom 
this  resistance  is,  of  course,  wasted. 

Vane  Control.  Vane  control  consists  of  the  operation  of  a  set  c< 
moveable  inlet  vanes  which  thus  affect  the  velocity  while  runnin 
at  fixed  speed,  and  the  fan  has  a  different  set  of  characteristics  f( 
each  position  of  the  inlet  vanes.  This  is  a  more  efficient  means  ci 
control,  involving  little  additional  power. 

Speed  Control.  Speed  control  of  electric  motor  drives  is  rathe 
expensive  and  not  too  fine  in  operation.  But  turbine  drive 
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infinitely  variable,  and  is  a  useful  means  of  operation  when 
high-pressure  steam  is  available. 

Faced  with  a  multiplicity  of  types  and  designs,  the  engineer 
must  rely  upon  a  summary  of  operating  characteristics  for  aid  in 
selecting  the  appropriate  machine.  Some  useful  data  of  this  sort 
has  been  compiled  in  a  system  known  as  the  Pumoridge  Pump 
Index 

SOLIDS  HANDLING 

(Solid  reactants  and  products  are  notoriously  more  difficult  to 
process  through  a  plant  than  are  fluids.  Although  there  are  very 
many  ways  at  present  available  for  tackling  such  problems,  several 
basic  methods  may  be  discerned. 

Trays.  Solid  material  may  be  loaded  on  to  trays  or  shelves,  and 
these  then  passed  through  a  process.  Small  amounts  are  manually 
l  handled  on  separate  trays,  but  larger  bulks  are  power  loaded  into 
racks  fitted  with  wheels.  In  batch  operation  the  trays  are  inter¬ 
mittently  passed  into  a  chamber  in  which  the  physical  or  chemical 
process  is  carried  out  (usually  by  passing  some  fluid  over  the 
surface).  In  continuous  operation  the  trays  are  gradually  drawn 
through  the  plant.  There  is,  even  in  these  cases,  some  vestige  of 
intermittent  operation,  at  the  inlet  and  outlet,  where  some  sort  of 
valving  action  is  necessary  to  prevent  loss  of  material  or  heat,  as 
traj^s,  or  trucks  of  trays,  enter  and  leave. 

Bucket  Conveyors.  The  tendency  to  continuous  processing  has 
brought  about  the  development  of  the  bucket,  or  tray,  type  of  con¬ 
veyor.  This  consists  of  a  driven  chain  or  belt  system  to  which  is 
secured  a  series  of  small  trays  or  buckets.  These  are  continuously 
loaded  with  solid  by  means  of  a  rotary  feeder  or  a  gate,  and  after 

passing  through  the  process,  are  unloaded  as  they  enter  the  return 
pass  of  the  system. 

rhere  are  many  variations  of  conveyors  of  this  type  available, 
but  it  can  be  readily  seen  that  they  are,  as  a  class,  a  logical  develop¬ 
ment  of  the  previous  type  of  equipment. 

A  feature  of  this  system  of  conveying  is  that  it  can  be  carried 
"to  eantLan£e  t0\ the  horizonta1’  and  moreover,  may  be  continued 
ivithhChe'factory  generaby.33  “  ^  meanS  °f  ^ Ration 
Wire  Belt  Conveyors.  A  further  development  is  that  of  the 

SIX ht  COn?y0r,  These  ’"ere 

londitions  or  conditions  of  high  temperature.  ^  C0rr0sive 
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A  particular  feature  is  that  fluids  may  be  passed  over  and  through 
the  mass  of  material  as  it  passes  through  the  process,  and  noti 
merely  over  the  top  surface  as  in  all  previous  cases.  Thus,  a  much 
larger  contact  area  may  be  exposed  per  unit  weight  of  solid. 

Cylindrical  Conveyors.  The  apparatus  discussed  in  previous 
sections  is  particularly  suitable  for  dealing  with  solid  material 
which  is  sticky  or  in  large  sheets  or  lumps.  If,  on  the  other  hand, 
the  material  is  reasonably  free  running,  so  that  it  does  not  coalesce, 
it  may  be  handled  in  a  rotating  inclined  cylinder.  In  consequence, 
this  is  a  feature  of  many  different  types  of  plant  such  as  driers, 
kilns,  roasters  or  grinders,  particularly  those  in  which  the  material 
is,  by  the  nature  of  the  process,  likely  to  be  dry  and  free  running. 

The  apparatus  consists  in  its  simplest  form  of  a  cylindrical  shell, 
slightly  inclined  to  the  horizontal,  and  externally  supported  and 
driven.  If  the  cylinder  is  caused  to  rotate  fairly  slowly,  and  some 
dry  solid  introduced  at  the  upper  end,  it  will  gradually  be  carried 
downwards.  A  single  particle  can  be  imagined  as  being  carried  a 
little  way  up  the  circumference  of  the  cylinder  by  friction,  reaching 
a  height  at  which  it  slips,  and  slides  back  in  an  approximately 
vertical  direction.  As  this  is  repeated,  the  particle  moves  down  the 
cy Under  in  a  series  of  roughly  triangular  steps.  In  a  mass  of  solid 
consisting  of  many  particles  this  ideal  picture  will  be  somewhat 
modified  by  the  effect  of  the  particles  on  each  other,  but  the  general 
tendency  will  be  the  same.  Increasing  the  angle  of  the  cylinder  oi 
its  speed  of  rotation,  will  increase  the  speed  with  which  the  solid 
moves.  A  fluid  (particularly  a  gas)  can  then  be  passed  through  the 
cylinder,  so  that  it  may  contact  the  moving,  changing  surface  oi 
the  solid.  It  is  a  feature  of  this  apparatus  that  the  exposed  surface* 
changes  as  the  solid  mass  “rolls”  in  the  cylinder,  so  that  fresh 
material  is  exposed — a  distinction  from  previous  apparatus. 

This  feature  is  deliberately  exaggerated  in  some  designs  by  the 
internal  modification  of  the  plain  cylinder.  If  narrow  strips  oi 
“flights”  are  fastened  to  the  inside  of  the  cylinder,  material  will  bo 
carried  much  farther  round  the  circumference,  and  when  it  doe? 
finally  slip  from  the  flight,  or  shelf,  it  falls  down  freely,  and  not 
along  the  surface  of  the  cylinder.  In  this  fashion  the  exposecr 
surface  is  not  only  continuously  revolved  but  it  is  effectively 
increased  by  this  continual  showering  of  the  solid  through  the  fluio: 
stream. 

Many  forms  of  flighting  are  used,  the  general  trend  being  toward? 
more  complex  arrangements  giving  longer  residence  in  the  body 
of  the  cylinder.  Some  attention  has  been  given  to  this  problem  o  < 
conveying  in  certain  types  of  plant. (3>  4) 

Screw  Conveyors.  As  a  class  these  may  be  considered  as  an  off 
shoot  of  the  cylindrical  form,  for  the  scroll  may  revolve  in  the 
cylinder,  or  vice  versa. 

Fluidized  Systems.  A  modern  treatment,  of  the  problem  when 
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fluids  and  solids  are  involved  has  been  the  admixture  of  the  phases 
to  a  degree  such  that  the  mixture  can  be  handled  as  a  semi-fluid. 
When  liquids  and  solids  are  involved,  the  process  mixture  may  vary 
in  consistency  from  a  thick  sludge  to  a  thin  suspension.  Although 
specialized  pumping  equipment  may  be  required  to  deal  with  these 
conditions,  the  problems  become  those  of  fluid  handling. 

When  gases  and  solids  are  to  be  processed,  a  similar  technique 
may  be  employed,  in  which  the  gases  are  injected  into  the  solid  in  a 
scroll  pump  so  that  a  gas-solid  mixture  is  forced  out.  So  long  as 
intimate  dispersion  persists  the  fluidized  mass  may  be  pumped, 
but  separation  of  the  two  phases  will  cause  the  system  to  become 
blocked  with  solid.  The  apparatus  must  be  of  simple  streamlined 
form,  therefore,  with  no  sharp  corners.  Actual  flow  systems  of  this 
type  are  useful  where  solid-gas  reactants  are  to  be  passed  in  contact 
through  a  heater  or  furnace.  Alternative  arrangements  are  possible, 
in  which  the  gases  or  liquids  are  passed  upwards  through  a  bed  of 
solid  particles.  If  this  is  done  in  a  certain  range  of  velocity,  the  bed 
will  become  fluidized,  or  expanded  by  the  presence  of  the  fluid 
between  solid  particles.  The  fluidized  mass  can  be  retained  in  a 
certain  position  by  means  of  perforated  screens,  or  plates,  or  by 
having  a  vessel  so  shaped  that  particles  cannot  be  carried  above  or 
sink  below  by  reason  of  the  variations  in  the  fluid  velocity.  Now, 
this  fluidized  mass  does  not  move  through  the  apparatus  with  the 
fluid  stream  as  in  the  previous  example,  but  the  solid  matter  mav 
be  continually  added  and  removed  by  means  of  side  connexions. 

In  either  case,  the  principle  involved  is  that  the  quantity  and 
velocity  of  the  fluid  stream  must  be  such  that  the  friction  tractive 

wi?e  °Te.rcomes  thf  effect  of  gravity  upon  individual  particles. 
When  this  occurs  the  mass  is  fluidized,  although  the  bed  may  be 
very  dense.  In  this  state  the  solid  could  be  stored  and  be  easily 
removed  by  dilution  with  more  fluid.  y 

An  introduction  to  the  specialized  field  of  fluidization  technique 

“  f'6"  jPr°v!ded  by  Leva>'4’  while  a  full  symposium  on  the  subject 
has  been  held  in  recent  years.<5>  J 
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Heat  Transfer 

When  material  is  processed  through  chemical  plant,  it  is  often 
necessary  that  heat  be  caused  to  flow  in  the  system.  Sometimes  it 
is  necessary  to  transfer  heat  to  the  material  in  order  to  bring  about 
some  physical  or  chemical  change.  Circumstances  of  the  opposite 
kind  also  arise  when  it  is  necessary  to  remove  heat  from  a  system. 
These  factors  are  on  occasions  so  important  as  to  influence  the  design 
of  the  equipment  and,  in  any  case,  they  are  usually  such  as  to  require 
special  treatment.  Thus  the  ability  to  heat  or  cool  material  (solids, 
liquids,  gases  or  mixtures  of  these)  is  as  much  a  feature  of  plant 
design  as  is  handling  capacity. 

There  are  three  mechanisms  by  means  of  which  heat  may  be 
transferred,  namely  radiation,  conduction  and  convection.  These 
terms  are  familiar  from  a  study  of  Heat  Engines  or  Physics,  but 
the  present  object  is  to  indicate  the  fundamental  ideas  involved, 
and  in  some  measure  their  quantitative  application. 

The  scope  of  these  three  mechanisms  of  heat  transmission  may 
be  briefly  defined  as  follows. 

Radiation,  or  more  fully,  thermal  radiation,  consists  of  the  transfer 
of  energy  by  electromagnetic  wave  motions.  It  is  not  dependent 
upon  matter  for  its  transmission,  for  it  will  take  place  across  a 
vacuum.  It  is  the  method  of  heat  transfer  we  associate  with  high 
temperatures,  with  furnaces,  and  with  combustion  processes. 

Conduction  is  primarily  the  mechanism  by  means  of  which  heat 
is  transmitted  through  solids,  and  is  perhaps  the  most  familiar 
from  common  experience.  Its  main  features  are  that  it  can  only 
take  place  through  matter,  and  that  it  does  not  require  movement 
of  the  atoms  or  molecules  constituting  that  mattei ,  in  the 

ordinary  sense.  .  .  .  _  . ,  , 

Convection  is  the  name  given  to  heat  transmission  in  fluids,  and 

its  essential  feature  is  that  there  is  internal  movement  and  mixing. 
When  this  mixing  is  a  result  solely  of  density  differences  between 
the  warmer  and  cooler  parts  of  the  fluid,  the  phenomena  is  termed 
free  convection.  If  the  mixing  is  produced  by  mechanical  means, 
however,  the  heat  is  said  to  be  transferred  by  means  ot  torced 

convection.  ..  , 

Of  course,  heat  may  be  transmitted  through  a  fluid  by  con¬ 
duction,  but  unless  the  fluid  is  very  viscous  or  in  a  very  thin  layer, 
it  is  virtually  impossible  to  prevent  the  development  of  convection  i 

For  the  purposes  of  exposition  it  is  desirable  to  treat  each  method  1 
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of  heat  transmission  separately.  This  has  the  disadvantage  that  the 
argument  may  become  rather  disjointed  and  unreal,  for  it  is 
difficult  to  find  practical  illustrations  in  which  only  one  of  these 
mechanisms  is  at  work.  The  method  followed  will  be  to  discuss  the 
essentials  of  each  of  the  three  means  of  heat  transfer  and  then  to 
investigate  some  practical  applications  of  the  theory . 


RADIATION 


All  heated  bodies  radiate  heat  energy  in  the  form  of  electromagnetic 
waves,  mostly  with  wave-lengths  below  20  microns  (a  micron  is 
0*001  mm).  Stefan  showed  from  the  experimental  work  of  Dulong 
and  Petit  that  this  radiating  power  was  proportional  to  the  fourth 
power  of  the  absolute  temperature  of  the  body,  and  this  fact  was 
subsequently  derived  theoretically  by  Boltzmann  from  thermo¬ 
dynamic  considerations. 

This  heat,  although  being  emitted  and  absorbed  throughout  the 
mass  of  a  body,  results  in  a  net  radiation  from  the  surface ;  then, 
so  long  as  the  surface  temperature  is  constant,  the  heat  radiated 
per  unit  of  surface  area  is  also  constant,  so  that — 


where  Q  =  radiant  heat  emitted  in  time  6  from  a  surface  A  at  an 
absolute  temp,  of  T°. 

The  proportionality  constant  in  this  equation  has  been  given 
the  name  of  the  Stefan-Boltzmann  Constant,  and  its  value  has 
been  determined  by  experiment  as — 


0*173  X  10-8  B.Th.U./hr/ft2/0  (Rankine)4 


Then  Q  B.Th.U.,  the  heat  radiated  from  a  surface  of  area  A  ft2  in 
time  6  hr  when  the  surface  temperature  is  constant  at  T°R,  is 
given  by  the  equation — 


Q  =  0*173  x  10-8  (T)4A  .  d  B.Th.U. 
The  right-hand  side  can  be  rearranged  so  that — 


It  should  be  noted  that  if  the  i 
say,  <°F,  then  the  equation  reads — 


for  convenience  in  calculation. 


surface  temperature  is  given  as 


Similarly,  using  C.H.U.’s  instead  of  B.Th.U.’s  and  »C  rather  than  °F, 
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the  Stefan-Boltzmann  Constant  is  1-009  X  10-8  C.H.U./hr/ft2/(  JK)4 
and  therefore — 

Q  =  1-009  |  7|-(Ky  •  0  C.H.U/hr 

or  Q  =  1-009  ('<  C  110l)27:{  j  ‘-4  •  0  C-H.U./hr 

Now  the  radiating  power  predicted  by  this  equation  is  true  of  a 
perfect  radiator,  or  as  it  is  generally  called,  a  “black  body/’  The 
radiation  from  most  surfaces  falls  short  of  this  value,  being  irregular 
and  incomplete,  and  unable  to  emit  at  full  power.  The  ratio  of  the 
radiation  emitted  by  a  certain  surface  at  any  temperature  to  the 
radiation  emitted  by  a  “black  body”  (or  perfect  radiator)  of  the 
same  area  -and  at  the  same  temperature  is  termed  the  emissivity  ol 
that  surface.  Thus,  to  say  that  the  emissivity  e  of  a  surface  at  t° F 
is  0*50,  is  to  say  that  the  heat  the  surface  radiates  at  t  F  is  only 
one-half  of  that  radiated  by  a  perfect  radiator,  or  “black  body,”  at 
the  same  temperature. 

Then,  for  any  surface  whose  emissivity  is  known,  the  expression 
for  its  radiating  power  at  T° R  may  be  written,  for  example,  as — 

|  =0-173  X  •  «  B.Th.U./hr 

It  is  not  possible  to  predict  the  emissivity  ol  a  particular  material, 
for  not  only  does  it  vary  with  temperature,  but  also  with  the 
physical  state  of  the  surface  layers. 

It  is  generally  true  that  clean,  bright  surfaces  have  lower  ernis- 
sivities  than  scaled  or  dirty  surfaces,  and  also  that  non-metals 
have  higher  values  than  metals.  In  practice,  therefore,  where 
surfaces  are  usually  foul,  it  is  usual  to  find  metallic  emissivities  of 
the  order  of  0-9,  while  non-metallic  bodies  (such  as  refractories) 
have  values  of  about  0-8.  Such  surfaces  are  sometimes  spoken  of 
as  being  “grey,”  implying  that  they  arc  less  efficient  than  a 
“black  body.” 

In  this  argument  only  the  emitting  or  radiating  power  of  bodies 
has  been  discussed,  but  in  a  system  where  radiant  heat  is  being 
transferred,  there  must  also  be  bodies  capable  of  absorption  or 
reception.  It  is  convenient  to  measure  the  absorption  of  any 
actual  surface  against  that  of  the  perfect  “black  body”  under 
identical  conditions.  This  ratio,  the  “absorptivity,”  defines  the 
amount  of  the  radiation  incident  upon  a  surface  which  is  absorbed, 
the  remainder  being  reflected.  Absorptivity  (a)  is  also  in  part  a 
function  of  the  surface  condition,  but  is  also  largely  influenced  by 
the  quality  of  the  radiation  falling  upon  the  surface.  Thus,  perfectly 
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identical  surfaces  may  exhibit  different  absorptivities  when  exposed 
to  radiators  at  different  temperatures.* 

The  general  form  of  radiation  equations  can  now  be  extended  to 
embrace  a  very  simple  and  rather  ideal  case  of  heat  exchange 
between  two  bodies  at  different  temperatures. 

Consider  for  example  a  length  of  steel  tubing,  of  total  external 
area  A  ft2  enclosed  by  a  large  tunnel-like  muffle  furnace.  Suppose 
the  furnace  to  be  fired  so  that  the  inside  surface  of  the  muffle  is 
at  a  generally  constant  temperature  of  /1°F.  Let  some  liquid 
flow  through  the  tube  so  that  heat  is  carried  away  from  the 
inside  at  such  a  rate  that  the  outer  surface  remains  at  a  constant 
temperature  of  /2°F. 

The  heat  balance  of  the  system  can  then  be  investigated  as  follows. 
The  surrounding  muffle  walls  radiate  heat  on  to  the  receiving- 
tube  surface  at  a  rate  predicted  by  the  general  equation  as — 

J  =  0173  B.Th.U./hr 

where  is  the  emissivity  of  the  muffle  wall  surface  at  temperature 

Of  this  heat  incident  upon  it  the  tube  wall  absorbs  only  a  proportion 
a  j  where  this  is  the  absorptivity  of  the  tube  surface  at  temperature 
*i°F  (note,  not  at  t2° F) 

Qi 
<9 


Then  %  a/  =0-173 


\  +  460' 


100 


Aex a/  B.Th.U./hr 


IS  the  rate  at  which  the  tube  absorbs  radiant  heat  from  the  sur¬ 
rounding  walls.  The  unabsorbed  portion  is  reflected  back  at  the 
walls.  Also,  the  tube  itself  is  a  radiator,  and  emits  heat  at  the  rate— 

'<2  +  460' 4 


Q, 

j  =0173 


100 


Ae2  B.Th.U./hr 


e  L°F. 


where  £18  the  emissivity  of  the  tube  surface  at  temperature 
Some  °f  tins  heat  is  absorbed  by  the  walls  and  some  reflected. 

ut,  the  net  exchange  of  radiant  heat  between  the  muffle  and  t  he 

tube  surface  is  equal  to  __  9*  and— 

0  0 * 
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B.Th.U./hr 

emissivity  are^qual.'and'^whne  thills  accurate  enoutth  ab®orPti',‘ty  and 
It  IS  sometimes  misunderstood.  What  is  meant  i«  th  f  o  f°i  praUlcal  purposes, 

receiving  radiant  lieat  from  some  source  ^  16  a^‘S°rptlVlty  ofa  bodv 

temperature  of  the  source,  and  no,  its  own  emissivit-v  * 
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This  is  also,  of  course,  the  rate  at  which  heat  is  removed  by  the 
liquid  flowing  within  the  heated  tube  if  its  temperature  is  to  remain 
constant.  At  this  stage  the  means  by  which  this  heat  is  transferred 
through  the  tube  wall  and  thence  to  the  liquid  will  be  ignored,  as  is 
that  by  which  the  muffle  receives  heat  from  the  surrounding  mass 
of  flame.  If  it  be  accepted  for  the  moment  that  methods  exist  by 
which  these  transfers  also  can  be  assessed,  then  one  may  imagine 
that  this  basic  formula  can  serve  as  the  basis  for  calculations  as  to 
the  area  which  must  be  exposed  in  order  that  bodies  shall  exchange 
heat  at  a  desired  rate  between  stated  temperature  levels.  Even  in 
the  simple  example  chosen  two  complications  arise  in  the  final 

expression,  and  as  in  practical  cases 
these  factors  are  important  they  will 
be  dealt  with  at  once. 

Firstly,  the  geometry  of  the  prac¬ 
tical  arrangements  may  not  be  so 
convenient  as  in  the  simple  example. 
That  is  to  say,  that  by  reason  of  its 
position  and  proportions,  a  body  may 
intercept  only  a  fraction  of  the  radia¬ 
tion  emitted  by  a  second  surface. 
For  example,  consider  the  small 
elemental  “black  body”  plane  areas  dAx  and  dA2  (Fig.  26),  with 
normals  inclined  at  angles  of  ^  and  /32  respectively  to  the  line 
joining  then*  centres,  and  radiating  at  temperatures  of  ^°F  and  £2°F 
respectively. 

The  radiation  of  dAx  along  the  normal  is,  as  before — 


Fig.  26.  Arrangement  of  two 
Small  Radiating  Surfaces 


Qx  =0173 


460 N 


100 


dAxd 


the  component  of  this  radiation  along  the  line  of  centres  is  then — 

Qi  =  0-173  f*1  dA! 

Again,  the  proportion  of  this  radiation  intercepted  by  the  second 
area  dA2  is  given  as — 

<3/  =  0-173  iQQ~~~  j  dAl  cos  ft  cos  ft0 

Similarly,  the  amount  of  radiation  emitted  by  dA2  and  intercepted 
by  dAx  is  Q2  where — 

Q2  =  0-173  IQQ6^  dA2  COS  ft  dAl  cos  ft0 
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Thus  the  equation  for  the  net  transfer  of  heat  between  these  surfaces 
by  radiation  becomes — 


Qi  —  Qz  —  0-173 


\  -f  460 \  4  /tz  +  460\4 
100  )  “  100 


dA1  cos  ft  i  d  A  2  cos  ft  A) 


Then,  the  general  case  of  transmission  between  two  finite  surfaces 
becomes  the  original  simple  equation  of  p.  35,  corrected  by  some 
factor  indicative  of  the  geometry  of  the  arrangement.  This  correc¬ 
tion  factor,  the  geometric  factor,  will  result  from  the  integration  of 
the  last  four  terms  (above)  and  it  can  be  imagined  that  the  results 
are  often  complicated  unless  simplifying  assumptions  may  be  made. 

Even  this  view  of  affairs  is  still  incomplete,  because  it  envisages 
the  radiating  surfaces  as  being  suspended  in  space.  In  practice,  of 
course,  they  will  be  connected  by  other  surfaces,  whose  role  is  solely 
supporting.  That  is  to  say  they  add  nothing  to  nor  subtract  any¬ 
thing  from  the  flow  of  heat ;  they  are  merely  radiating  surfaces. 
Although  such  surfaces  may  be  supposed  to  arrive  at  some  tem¬ 
perature  at  which  they  radiate  as  much  heat  as  they  receive,  they 
are  not  entirely  without  effect.  Their  intervention  may  mean  that 
much  of  the  heat  which  would  not  otherwise  be  intercepted  by  the 
receiver  will  now  be  diverted  to  that  surface.  The  effect  of  these 
re-radiators,  which  are  themselves  neither  sources  nor  receivers,  is 
then  to  improve  the  geometric  correction. 

Finally,  in  all  the  previous  discussion  it  has  been  supposed  that 
the  gaseous  medium  between  the  source  and  the  receiver  has 
transmitted  all  the  heat  perfectly.  The  fact  is,  that  all  gases  are 
to  some  extent  opaque  to  radiation,  and  their  absorptivity  towards 
the  energy  passing  through  them  will,  of  course,  decrease  the 
resultant  transmission. 

To  summarize  these  remarks,  the  equation  representing  the  net 
heat  transmission  by  radiation  between  two  surfaces  results  from 
correcting  the  basic  equation — 


(Q1-Q2)  =01 73 


.40B.Th.U. 


for  the  following  reasons — 


(i)  Neither  surface  is  a  perfect  black  one 
equation  of  p.  35 — 


This  results  in  the 


iQi-Qt)  =01 73 


+  460' 


100 


«!<*!  - 


ftt  +  460' 

k  100 


Ad  B.Th.U. 


noi“LThei^irfa-e!  are  °f  SUch  a  size’  and  80  arranged  that  they  do 
ot  completly  intercept  each  others  radiation.  This  corrective 

torm  may  be  called  the  geometric  factor  (F),  and  its  cZdaton 
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must  allow  for  any  re-radiation  due  to  presence  of  refractories. 
Equation  (i)  then  becomes — 


(Q  i  Q2) 


0173 


AOF  B.Th.U. 


(iii)  The  gaseous  medium  between  the  surfaces  may  absorb  a 
certain  proportion  (ccG)  of  the  net  exchange.  Equation  (ii)  then 
becomes — 


($1  $2) 


0173 


A6Folg 

B.Th.U. 


It  should  be  noted  that  these  equations  are  successive  steps  and 
that  equation  (iii)  is  the  general  fully  corrected  form. 

Methods  for  arriving  at  the  correct  geometric  factor  for  various 
arrangements  are  available  in  the  literature/6’  7)  and  should  be 
consulted. 

A  rather  special  case  arises  when  the  gas  between  solid  surfaces 
is  itself  a  source  of  heat.  This  is  an  important  case,  being  the  general 
one  of  heating  by  flames  and  hot  gases. 

It  is  a  fact  that  all  gases  are  to  some  extent  active  as  regards  ( 
radiation  but  the  absorptivity  and  emissivity  values  only  reach 
significant  proportions  in  the  so-called  heteropolar  gases.  These  are 
gases  whose  molecules  are  formed  from  more  than  one  sort  of  atom. 
Such  gases  as  carbon  dioxide,  sulphur  dioxide  and  water  vapour 
then,  are  notable  radiators  or  absorbers,  while  nitrogen,  hydrogen  1 
and  oxygen  on  the  other  hand,  have  low  values  of  <xG  or  eG. 

It  may  be  said  at  once  that  the  general  equation  for  thermal 
radiation  between  two  bodies  is  not  altered  because  one  of  the 
bodies  happens  to  be  a  gas.  If  an  area  A  of  a  black  solid  surface  is  ■ 
surrounded  by  a  body  of  hot  gas,  the  heat  exchange  between  the 
gas  and  the  solid  surface  may  be  written  as  before — 


( Qo —  $2)  - 

d 


(' 


tG  +  460' 


100 


eG 


ta  460' 
100 


txG 


A  B.Th.U. /hr 


where  tGi  eG  and  c(.G  are  the  properties  of  the  gas. 

If  the  solid  surface  is  not  black,  but  possessed  of  ordinary  values  i 

of  e  and  a,  this  equation  may  be  modified  to 


( Qq  $2) 

6 
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B.Th.U. /hr 


when  as  is  the  absorptivity  of  the  surface  towards  radiation  from 
the  gas  temperature  tG,  and  es  is  the  emissivity  of  the  solid  surface 
at  temperature  ts.  When  es  and  as  are  equal  the  value  of  e3  may  e 
taken  outside  the  square  bracket. 
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Now  the  net  emissivity  or  absorptivity  of  a  mass  ot  gas  is  due 
to  the  presence  of  all  its  radiating  components  such  as  carbon 
dioxide,  water  vapour,  etc. 

These  properties  are  in  turn  dependent  upon  the  concentration 
of  the  component  gas  (conveniently  stated  as  its  partial  pressure) 
and  also  to  the  mean  thickness  of  the  gas  mass.  It  is  obvious 
enough  that  the  radiation  due  to,  say,  carbon  dioxide  in  nitrogen 
would  be  dependent  upon  their  relative  proportions,  for  N2  is 
i  virtually  inactive  as  a  radiator.  Also,  in  a  body  of  gas  the  C02  is 
i  itself  absorbent  towards  its  own  radiation,  so  that  the  average 
depth  of  the  gas  in  a  direction  at  right  angles  to  the  receiving  surface 
must  affect  its  net  emissivity.  This  dimension,  known  as  the  beam 
length  L  has  been  computed  by  various  workers,8  but  is  conveniently 
calculated  in  complex  sections  by  the  formula — 


L  =  0-85 


Gas  volume 


Total  boundary  surface 


The  last  term  is  recognizable  on  the  “hydraulic  radius”  of  the 
:  system. 

Data  is  available  in  which  the  emissivity  of  the  practically 
important  gases  is  related  to  the  gas  temperature,  the  partial 
pressure,  and  the  beam  length.  The  total  emissivity,  or  absorp¬ 
tivity  of  a  mixture  of  gases  is  a  little  less  than  the  sum  of  the  emis- 
sivities  or  absorptivities  of  the  components,  because  they  are 
generally  slightly  opaque  to  each  others  radiation. 

Thus,  for  example — 


where 


eQ  —  £coa  +  £h2o  —  G 

eG  =  emissivity  of  gas  at  some  given  temperature, 

eco2  =  emissivity  of  C02  present  at  same  temperature, 

£h2o  =  emissivity  of  H20  present  at  same  temperature, 

C  =  some  correction  factor  dependent  in  part,  on  eco 
and  eHa0. 


This  data,  is  portrayed  in  convenient  graphical  form  in  Heat  Trans- 

TJrJl  (MoGraw-Hin  Book  Co t)  and  is  reproduced  in 

Efficient  Use  of  Fuel  (H.M.S.O.). 

1J,h™ld  the  gas  contain  incandescent  particles,  as  in  a  flame,  the 
i  adiation  is  considerably  increased.  Particles  of  carbon,  or  even 
of  fuel,  wil  obviously  give  off  heat  as  they  burn,  but  particles 

gasaes  °  The  eorr'Tt-  hea‘which  they  absorb  from  the  surrounding 
gases.  The  correlation  of  quantitative  data  is  rather  difficult 

"esuUs8  EnvinSe  ft®  °PtiCal  pyrometer  has  yielded  interesting 
for  enhanced  emissivity  due  to  luminescence,  some  figure" 
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0*2)  being  added  to  the  non-luminous  gas  emissivity  found  by  the 
usual  method. 

In  any  practical  problem,  the  engineer  is  usually  faced  with  the 
case  where  combustion  provides  a  stream  of  hot  gases  in  a  confined 
space.  Part  of  the  confining  surfaces  are  intended  to  receive  the 
heat  while  the  remainder  plays  the  part  of  refractory.  The  problem 
is  to  ascertain  the  heat  transmission  from  the  gases  to  the  cold  sur¬ 
faces,  or  conversely,  to  provide  a  geometric  arrangement  in  which 
a  certain  desired  transmission  may  take  place.  This  may  be  dont< 
by  applying  the  basic  formula  for  radiant  heat  exchange,  with 
such  corrections  as  have  been  outlined  in  the  previous  pages.  The 
role  of  the  refractory  surfaces  in  the  process  is  to  re-direct  mucl 
heat  which  would  otherwise  not  be  intercepted  by  the  cold  surfaces 
By  reason  of  this  re-direction  they  attain  some  steady  temperature 
It  often  simplifies  calculations  in  such  work  to  assume  that  the 
refractories  receive  all  the  heat  available  from  the  flame  or  gases 
and  then  re-transmit  it  back  through  the  gases  to  the  cold  surfaces 

In  the  fairly  simple  geometric  arrangements  found  in  furnace.4 
it  is  then  easier  to  assess  this  heat  exchange  between  plane  surface: 
where  the  role  of  the  hot  gas  is  represented  as  that  of  a  slightly 
absorbent  medium  between  them. 

At  the  conclusion  of  this  chapter,  these  notions  will  be  applied 
to  a  typical  problem. 

CONDUCTION 

Conduction  is  the  name  given  to  the  mechanism  by  means  of  whicl 
heat  is  transmitted  through  solids.  It  can  only  take  place  througl 
matter  (unlike  radiation),  but  proceeds  without  movement  of  th« 
particles  of  matter  (unlike  convection).  The  flow  of  heat  througl 
a  solid  body  may  be  likened  to  the  flow  of  water  through  a  pipe,  o 
to  the  flow  of  electricity  through  a  wire. 

The  flow  rate  in  these  cases  is  dependent  upon  a  driving  force 
the  cross-section  at  right  angles  to  the  transmission,  the  lengtl 
over  which  the  transmission  is  made,  and  finally  on  some  specif! 
property  of  the  system.  Thus,  in  the  analogy  of  water  flow  in  « 
straight  pipe,  the  rate  of  flow  is  directly  proportional  to  the  pressui 
drop  over  the  tube  and  its  internal  cross-sectional  area,  and  inversel_ 
proportional  to  the  length  of  tube  over  which  the  delivery  is  madei 
This  could  be  put  in  the  form  of  an  equation — 

J  OC  (P2  ~  Pt)  J 

The  sign  of  proportionality  may  be  converted  to  one  of  equalit 
by  the  inclusion  of  some  factor  /  which  is  a  property  of  the  systen  j 
Then— 
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Similarly,  by  the  electrical  analogy,  the  current  flowing  is 
directly  proportional  to  the  voltage  drop  over  the  conductor  and 
to  its  cross-sectional  area,  and  inversely  proportional  to  its  length. 

Thus — 

q  °C  (^2  ^i)  jr 

Again,  the  inclusion  of  some  proportionality  factor  a  gives  us  the 
relationship — 


In  this  case  a  is  the  specific  conductance  of  the  conductor,  and 
this  expression  is  one  form  of  the  familiar  Ohm's  Law. 

These  explanatory  examples  are  only  analogies,  and  comparison 
must  not  be  pushed  too  far,  but  they  suffice  to  indicate  the  essential 
similarity  with  heat  conduction.  That  is  to  say,  that  they  are  all 
special  examples  of  a  rate  equation,  in  which  transfer  of  matter  or 
energy  is  dependent  upon  a  driving  force,  the  geometry  of  the  system 
in  which  the  transfer  takes  place,  and  upon  some  individual  property 
of  this  system  represented  by  a  coefficient.  It  will  be  noticed  that 
in  each  case  also,  the  length  of  the  transmission  path  L  is  always 
included  in  the  denominator.  It  is  convenient  to  bracket  this  factor 
with  the  driving  force  to  give  a  driving-force  gradient.  This  is  a 
constant  in  any  system  in  which  the  transmission  rate  is  constant, 
And  the  general  steady  rate  equation  may  be  put  in  the  form — 


ffc  _  i.  j 
dd  dL 


The  negative  sign  indicates  that  the  gradient  ^  is  of  negative 

dope,  or  that  y  decreases  as  we  proceed  along  L  where  x  is  some 
quantity  which  is  being  transmitted  under  the  “driving  force”  of 
variation  in  some  property  y. 

In  the  case  of  conduction  the  property  which  measures  the 
capacity ,  or  potential,  for  heat  transmission  in  a  certain  zone  is 
he  temperature  difference  over  that  zone.  The  general  equation 


dQ  dT 

dd  -  KA  JL 


1"tf-gratfd  t0  give  the  lleat  conducted  through  a  solid 
>f  cross-sectional  area  A  and  thickness  L,  with  opposite  faces 

-t  constant  temperatures  T,:  and  Tv  the  equation  becomes- 
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The  constant  k  is  then  called  the  coefficient  of  thermal  conductivity 
of  the  solid,  and  is  the  measure  of  the  readiness  with  which  th 
material  transmits  heat.  Inspection  of  the  units  of  the  rearrange* 
equation  shows  that  thermal  conductivity  has  the  following 
dimensions — 

k  =  e.4(3V-  T.)  B.Th.U./hr/ftyg/ft 
or  C.H.U./hr/ft2/°C/ft 

or  K.cal./hr/m2/°C/m 

These  units  are  sometimes  simplified  to  read,  for  example — 

k  =  B.Th.U./hr/ft/°F 

This  can  be  misleading,  for  it  conceals  the  nature  of  the  driving 
force  gradient  term.  Although  it  makes  no  difference  in  application 
it  is  not  clear  which  dimension  the  term  ‘‘ft”  refers  to,  and  it  ma^ 
be  wrongly  interpreted  as  the  thickness  of  the  slab  in  the  directio 
of  transmission.  This  is  incorrect,  for  the  term  refers  to  the  rati 
of  the  cross-sectional  area  to  the  thickness. 

The  thermal  conductivities  of  solids  vary  from  0-02  B.Th.U. 
hr/ft2/°F/ft  for  cork  to  a  value  10,000  times  this  figure  for  coppei 
Further,  the  thermal  conductivity  of  a  given  solid  is  not  independen 
of  temperature,  but  is  known  to  vary  in  most  cases  according  to  th 
relationship — 

k  =  k0  [1  ±  ol(T)] 

where  kQ  =  thermal  conductivity  at  0  F, 

k  =  thermal  conductivity  at  T° F. 

The  value  of  a  is  small,  being  about  0*015  for  copper  and  0*0000 
for  cork. 

The  sign  of  a  is  negative  for  all  good  conductors,  but  positiv. 
for  most  poor  conductors  or  insulators.  That  is  to  say  that  bot 
conductors  and  insulators  decline  in  efficiency  at  elevate 
temperatures. 

The  fact  that  k  is  not  in  fact  a  true  constant,  but  is  itself  dependen 
upon  temperature  means  that  we  must  extend  our  basic  differentia i 
conduction  equation  of  p.  41.  The  original  equation  can  then  b 
made  more  exact  if  the  average  thermal  conductivity  of  the  soli  i 

is  used.  ,  . 

Now  this  equation  can  be  used  to  predict  the  transmission  ( 
heat  by  conduction  through  any  body  in  which  the  cross  section  ( 
the  transmission  path,  A ,  is  constant.  This  is  true  when  heat  - 
flowing  through  plane  slabs  such  as  furnace  walls,  and  even  whe 
curved  sections  are  used,  if  the  thickness  is  negligible  compared  tl 
the  radius  of  curvature. 

However,  cases  frequently  arise  in  which  the  body  is  of  a  shaj 
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such  that  the  cross-section  changes  as  the  thickness  increases. 
Important  instances  are  those  of  conduction  through  cylindrical 
and  spherical  shells,  such  as  the  walls  of  vessels,  or  the  insulation 
applied  to  them. 

Imagine  a  thick-walled  cylinder  (Fig.  27)  whose  inner  and  outer 
radii  are  L1  and  L2,  and  whose  inner  and  outer  surfaces  are  at  Tx 
and  T2,  where  >  T2.  It  can  be  seen  that  as  heat  flows  from  the 
inner  to  outer  surface,  it  is  continually  passing 
through  an  increased  cross-section. 

In  any  shell  of  radius  L,  and  thickness  dL , 
he  cross  section  per  unit  length  =  2ttL . 

If  the  temperature  falls  by  dT  over  this  shell, 

.  dT 

he  temperature  gradient  at  this  point  is  -jj. 

(IJj 

The  value  for  the  heat  flow  over  this  shell  is — 


integrating  over  the  whole  section — 


Fig.  27.  Section 
of  Cylindrical 
Conductor 
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1  this  is  compared  with  the  original  form  of  the  equation,  in  which 
ome  mean  radius  Lm  is  used  to  calculate  the  area — 


A’av  2i7t 


Lm{T2  -Tx)  2tt(T 2  T i) 

-  =  —  A  av.  - 


L2  —  Ll 


Io^  r! 


/  _ L‘i  Lx 

Lm  ~  ~ 


,  the  mean  radius  ot  the  shell  is  the  logarithmic  mean  of  the  outer 
id  inner  radii. 

In  spherical  shapes  the  case  may  be  similarly  considered.  In  anv 
e  of  radius  L  and  thickness  dL ,  over  which  the  temperature  is  dT 
of  transmission  =  ±ttL\  As  before,  therefore— 

dQ 


lell 
le  area 


<10  dL 
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Integrating  over  a  shell  of  inner  and  outer  radii  Lx  and  L2  a,, 
temperatures  T2  and  T1 — 

CdQ 

)d6 

q 

e 

=  i'av.  in  -  Tl) 


Again,  if  use  is  made  of  some  mean  radius  Lm, 
be  read — 


n  —  v.  47tL2to 


the  equation  wouh 


so  that 


or 


47 TL2m  =  4?T 


(-^2  -^l) 

U-- 

\L2  L 1 ) 


Lm  —  \/LlL2 


That  is  to  say  that  in  spherical  shells  the  main  area  of  heat  trans 
mission  is  that  calculated  with  the  geometric  mean  of  inner  an« 
outer  radii. 

These  instances  of  conduction  in  plane,  cylindrical  and  spherics 
shapes  are  the  most  usual  ones  encountered,  although  mor 
complicated  problems  can  arise. 

In  conclusion,  it  is  necessary  to  re-state  the  important  qualifi 
cation  of  p.  41  that  all  this  discussion  relates  to  steady  flows.  Thi 
means  that  although  temperature  varies  with  position  in  the  solid 
it  does  not  vary  with  time  ;  the  temperature  at  any  point  is  constant 
and  the  heat  transmission  is  constant. 

When  a  body  is  being  first  heated  or  cooled,  and  is  itself  increasin, 
in  temperature  these  conditions  are  not  true,  for  the  temperatur 
at  any  point  changes,  and  the  net  heat  transmission  varies  from 
instant  to  instant.  This  phenomena  of  unsteady  conduction  will  b 
discussed  in  a  later  section,  as  the  means  by  which  the  heat  enter 
and  leaves  the  solid  are  also  concerned  in  the  general  problem. 


CONVECTION 

Convection  is  the  name  given  to  the  mechanism  by  means  of  whic 
heat  is  transmitted  through  fluids,  and  it  involves  movemen 
of  the  fluid.  This  movement  may  be  engendered  by  the  change 
in  density  resulting  from  differential  heating  at  some  point  in  th 
fluid.  Thus,  the  heated  portions  expand  and  begin  to  move  awa_ 
from  the  source  of  heat. 
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When  the  fluid  being  heated  is  still,  except  for  these  currents,  it 
is  said  to  be  in  free  convection,  the  internal  movement  being 
induced  by  the  heating  alone.  When  the  transmission  across  a 
layer  of  liquid  in  contact  with  a  hot  solid  surface  is  measured,  it  is 
found  that  it  is  proportional  to  the  area  and  to  the  temperature 
drop  across  it,  and  inversely  proportional  to  the  thickness  of  the 
liquid  layer.  In  these  respects,  the  picture  is  identical  with  that 
existing  when  heat  is  conducted  through  a  solid.  The  cases  are 
different,  however,  in  that  the  transmission  through  the  fluid  is 
found  to  be  greater  than  predicted  by  its  thermal  conductivity. 
This  is  a  result  of  the  mechanical  dispersion  of  heat  by  the  convec- 
ition  currents.  In  addition,  the  depth  of  the  zone  which  is  in  actual 
motion,  as  well  as  the  extent  of  that  motion,  is  not  readily 
measured. 

The  equation  representing  this  flow  of  heat  under  these  con¬ 
ditions  is  accordingly  a  modified  form  of  the  conduction  equation, 

1c 

in  which  the  indeterminate  factors  —  are  replaced  by  a  coefficient 
of  heat  transfer  h,  with  the  units  B.Th.U./hr/ft2/°F.  Thus — 

|  =M(T2-  7\) 


This  coefficient  reflects  certain  properties  of  the  system,  and  its 
value  may  vary  over  wide  limits  as  these  properties  change.  It  is 
obvious  that  the  prediction  of  the  coefficient  is  a  complex  problem 
but  it  is  one  which  may  be  rationalized  by  the  introduction  of 
dimensional  analysis.  Although  these  methods  can  never  yield 
numerical  values,  they  simplify  the  problem  by  indicating  that  the 
results  of  experiments  will  fall  on  a  single  curve  plotted  between 
certain  groups  of  properties. 

An  oft-quoted  simple  example  of  this  application  of  dimensional 
analysis,  is  the  treatment  of  the  case  of  the  simple  pendulum. 

suppose  the  time  of  oscillation  r  is  to  be  investigated  The 
properties  of  the  system  bearing  on  this  could  be  listed  as— 


m  —  the  mass  of  the  pendulum  bob, 
l  —  length  of  string, 
q  —  acceleration  due  to  gravity, 


'hese'  properties °SCillati°n  may  **  SUpP°Sed  to  *  a  “on  of 

rhuS~  T=f(m,l,g) 


This  expression  can  be  put  in  the  exponential  form— 

T  =  k(mni)»(g)c  4 ■k1(m)<‘>(l)»,(g)c,  .  .  .  etc_ 
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Now  examining  the  dimensions  of  each  of  these  properties,  on  the 
basis  of — 

M  —  mass 
L  —  length 
6  —  time 

then  0  =  K{mf(L)» 

and  equating  indices  for  like  properties — 

for  M,  0  =  a 

for  L,  0  =  6  -f  c 

for  6  1  =  —  2c 

From  these  equations — 

c=-i 
b  =  —  c  =  -f-  \ 
a  =  0 

Then  re-writing  the  original  form — 


Only  experiment  or  other  mathematical  methods  can  provide  the 
value  of  K,  but  experiments  made  on  various  arrangements  would 
yield  results  represented  by  a  single  curve  plotted  between  r  anc( 

Vty 9- 

This  investigation  would  also  assist  in  the  design  of  the  experii 
ments,  for  it  reveals  that  the  time  of  swing  is  independent  of  the 
mass  of  the  bob. 

Natural  Convection 

This  same  treatment  may  be  applied  to  the  present  case  of  the 
rate  of  heat  transmission  from  a  heated  surface  immersed  in  p 
still  fluid.  If  the  heating  surface  is  in  the  form  of  a  tube  or  pipe,  at 
is  very  usual,  the  following  list  of  properties  comprises  all  those 
which  might  conceivably  affect  the  value  of  the  heat  transfer 
coefficient  on  that  surface — 

D  =  the  diameter  of  the  pipe  or  tube, 
k  =  the  thermal  conductivity  of  the  fluid, 

Cv  =  specific  heat  of  the  fluid, 

[A  =  viscosity  of  the  fluid, 
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p  =  the  density  of  the  fluid, 

=  coefficient  of  volumetric  expansion, 
dT  =  the  difference  in  temperature  between  surface  and  fluid. 

The  first  property  is  an  indication  of  the  way  in  which  a  fluid  will 
How  from  a  surface,  the  next  four  are  essential  physical  properties 
of  the  fluid  while  the  last  two  represent  the  tendency  to  stirring  by 
convection  due  to  expansion. 

Grashof  investigated  this  problem,  and  suggested  that  the  force 
of  expansion  occasioned  in  a  small  volume  of  fluid  by  an  increase 
of  temperature  of  one  degree  coidd  be  represented  by  the  product 

1  W* 

Writing  the  general  equation  relating  the  heat  transfer  coefficient 
h  in  free  convection  to  the  variables  in  the  system,  we  have — 

A  =/(/>,  k,C9,pt  p,  fig,  dT) 

or,  in  exponential  form,  and  where  y  is  a  constant — 

Expanding  into  the  dimensions  of  mass  (M),  length  (L),  time  (0), 
heat  ( H )  and  temperature  (T) — 


Equating  indices  on  each  dimension — 


for  M, 
for  L, 
for  6 , 
for  H, 

and  finally 
for  T, 


0=  —  c  +  d  +  e 
—  2  =  a  —  b  —  d  —  3e  +  f 
-1  =-b-d-2f 
1  =  b  +  c 


(1) 

(2) 

(3) 

(4) 


1  b  —  c  —  f+i.  .  .  .  (5) 

As  there  are  seven  unknowns  in  five  equations,  a  solution  mav  onlv 
be  made  in  terms  of  two  indices,  for  example  c  and  /.  ^  ^ 

From  (4), 


b  —  1  —  o 


Adding  (4)  and  (5)  i  =  f 

Substituting  for  b  in  (3)  -  1  =  _i  +c_d_2f 

d  =  c  —  2/ 

Substituting  for  d  in  (1)  e  =  2 f 
and  for  b ,  d,  e  in  (2) 
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—  2  —  a  —  1  4-  c  —  c  +  2/ —  6/  +  / 
_  1  =o-3/ 
a  =  3/-  1 


Now  substituting  for  these  indices  in  the  original  equation — 


and  re-grouping  under  like  indices — 


‘  ^  r 


or 


fI)*p*PgdT\ 

p? 


! 


f 


Dimensional  analysis  tells  us  that  the  observed  heat  transfen 
coefficient  is  related  to  the  physical  properties  of  the  experiment 
in  this  way.  It  can  never  tell  us  the  numerical  value  of  the 
constants.  Further,  we  must  not  read  too  much  into  these  methods. 
For  example,  there  was  nothing  fundamental  about  the  choice  oi 
two  unknowns  for  the  solution  of  equations  (l)-(5).  However , 
any  other  combination  leads  to  different  groupings  of  properties, 
not  all  of  which  are  dimensionless. 

The  three  groups  of  properties  are  dimensionless  in  any  con¬ 
sistent  set  of  units,  and  as  they  are  of  some  importance  they  have 
been  named  after  the  workers  who  first  discerned  their  value. 


—  Nusselt  Group  or  Number 

ht 

— Prandtl  Group  or  Number 
k 

P_P  ypd'l  Qj.jjghof  (^cmp  or  Number 

/i2 

As  with  the  dimensionless  Reynolds  Number  encountered  in  thc< 
study  of  the  motion  of  fluids,  these  groups  represent  some  capacity, 
of  a  system.  The  Grashof  Group  is  a  measure  of  the  tendency  o 
the  fluid  to  develop  convection  currents.  The  Nusselt  and  tho 
Prandtl  Groups  on  the  other  hand,  represent  the  heat  transmission 
capabilities,  and  the  important  physical  properties  of  the  fluid 
respectively. 

Also,  as  with  fluid  flow,  systems  entirely  different  in  dimensions 
and  properties  are,  however,  exactly  similar  if  grouping  the 
properties  in  this  fashion  yields  the  same  result. 

Experimental  work  has  indicated  the  following  values  of  the 
constants  in  liquids  and  gases  to  be  typical(9) — 
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y  =  0*53  —  0-47  (depending  on  D) 
c  =  0-25  and  /  =  0-25 

or  using  abbreviations  for  the  dimensionless  groups — 

Nu  =  0-53  Pr 0  25  Gr°" 25 

This  formula  will  serve  to  calculate  the  heat  transfer  coefficient 
on  the  surface  of  a  heated  horizontal  tube  immersed  in  a  fluid,  when 
the  only  means  of  such  transmission  is  natural  convection. 

A  particularly  interesting  case  of  free  convection  occurs  when 
a  heated  surface  is  exposed  to  still  air,  because  the  heat  transfer 
conditions  are  those  controlling  the  loss  of  heat  from  such  surfaces. 
As  the  various  physical  properties  of  air  are  reasonably  constant 
over  normal  ranges  of  temperature,  it  is  possible  to  have  special 
contractions  of  the  previous  formula  in  certain  cases. 

The  following  are  among  those  of  use  in  calculating  convection 
heat  losses  from  pipes,  vessels,  furnaces,  etc.(10)  h  being  given  in 
B.Th.U./hr/ft2/°F  when  AT  is  the  temperature  difference  between 
1  air  and  surface  in  °F. 


Horizontal  surface  facing  upwards  h  =  0*38  (A77)i 

Horizontal  surface  facing  downwards  h  =  0-20  (A 77)1 
Vertical  surface  h  =  0’27  (A T)t 

Horizontal  and  vertical  pipes  of  dia.  D  h  —  0  21 

Forced  Convection 


A  different  case  arises  if  the  fluid  is  brought  into  some  state  of 
motion  mechanically.  It  is  common  experience  that  a  stirred 
liquid  cools  more  rapidly  than  an  unstirred  one,  and  although  heat 
is  still  transferred  by  convection,  it  is  now  described  as  forced 
convection. 

When  a  fluid  is  forced  into  motion  relative  to  a  solid  surface, 
the  state  of  this  motion  is  dependent  upon  the  geometry  of  the 
arrangement  and  on  the  properties  of  the  fluid.  It  is  shown  in  the 
study  of  Hydraulics  or  the  Mechanics  of  Fluids,  that  a  fluid  may 
move  in  either  viscous  or  turbulent  flow.  In  the  first  event  the 
fluid  moves  in  such  a  way  that  individual  streamlines  remain  a 
fixed  distance  from  the  bounding  surface,  while  in  the  latter  case 
the.v  become  eddying  and  mix  with  one  another.  The  transition 
from  one  sort  of  motion  to  the  other  takes  places  at  a  certah 
mtical  range  of  the  Reynolds  Number.  The1  Reynolds  Number 


’  is  a  dimensionless  group  which  completely  defines  the  state 


of  flow  of  a  body  of  fluid.  At  values  below  the  range  of  2  000  't  non 
ZZtZ  TU8’  WhUe  *  become^turbulent^if  the 
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However,  even  when  the  motion  in  the  main  bulk  of  the  flowing 
fluid  is  turbulent,  it  is  known  that  the  thin  layers  of  fluid  next  to 
the  solid  wall  can  be  in  viscous  movement.  For  example,  a  fluid  of 
density  p,  and  viscosity  /n,  may  move  through  a  pipe  of  diameter  I) 

at  such  a  mean  velocity  V  that  the  value  of  ,  is  in  excess  of 

p 


the  critical  value,  and  the  action  will  be  turbulent,  but,  the  velocity 
at  various  points  across  the  diameter  of  the  pipe,  will  vary  from  a 
maximum  to  nil  at  the  absolute  boundary.  Thus,  whatever  the 
conditions  be  at  the  centre,  it  is  very  possible  that  near  the  wall 
the  velocity  will  be  so  low  as  to  result  in  a  value  of  the  Reynolds 
Number  indicative  of  streamline  flow. 


If  the  solid  boundary  is  hot,  the  main  resistance  to  the  transmis¬ 
sion  of  heat  to  the  fluid  lies  in  this  streamlined  film  lor  in  the  regions 
outside  it  there  will  be  a  fair  amount  of  turbulence  and  mixing. 
Now  the  film  thickness,  as  well  as  any  mild  turbulence  within  it, 
are  related  to  the  conditions  of  flow  in  the  bulk  of  the  fluid,  and  so 
it  may  be  expected  that  the  heat-transmission  coefficient  of  such 
a  film  would  be  dependent  upon  the  following  group  of  factors — 


D  =  the  mean  diameter  of  the  tube, 
V  =  the  velocity  of  fluid  within  it, 


p  =  density  of  fluid, 

Cp  =  specific  heat, 
fi  =  viscosity  of  fluid, 
k  =  thermal  conductivity  of  fluid. 


Then  again  employing  the  methods  of  dimensional  analysis— 

h  =  cj){D,V  ,p,Cv,fi,lc) 

or  h  =  y{DnVnPY{CvY{[iY{kY 

Expanding  into  units  of  heat,  mass,  length  and  time 


Equating  indices — 

for  H  1  =d+f . (U 

for  M  0  =  c  —  d  -f-  e  .  .  •  •  •  $) 

for  L  —  2  =  a,  b  —  3c  —  e  —  f  ■  •  -(3) 

for  0  _i=_fe_c-/  .  .  •  •  (D 

and  for  T  1  =  d  +  /  .  •  •  •  •  (^) 
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Solving  in  terms  of  c  and  d — 

from  (1),  /  =  1  ~  d 

from  (2),  e  =  d  —  c 

from  (4),  b  =  1  —  e  —  / 

=  1  —  d  +  c  —  1-j-rf 

=  c 

and  substituting  for  b,  e,  and  /  in  (3) — 

—  2  =  a  c—  3c—  d  +  c—  \  d 
or  0  —  (i  —  c  -j-  1 

a  =  c  —  1 

In  the  original  equation — 

h  =  y{D)^VnP)e(C9)d(p)d-*(k)1-* 

DVpyic^y  k 

fi 

DVp 


or 


h  = 


y 


hi) 

T 


=  y 


ii 


or 


Nu  =  y(Re)c(Pr)d 


Thus,  in  forced  convection  the  heat-transmission  properties  as 
represented  by  the  Nusselt  Group  are  dependent  on  the  flow 
characteristics  as  represented  by  the  Reynolds  Number,  and  on  the 
essential  physical  properties  included  in  the  Prandtl  Group. 

Once  more  it  must  be  emphasized  that  only  experiment  can  yield 
the  numerical  values  of  y,  c  and  d  in  any  particular  arrangement 

In  the  system  in  which  a  fluid  flows  within  a  pipe  in  turbulent 

flow  (i.e.  Re  >  3,100)  Dittus  and  Boelter<“>  recommended  two  sets 

of  values,  depending  upon  whether  the  fluid  was  being  heated  or 
cooled.  ° 


y 

c 

d 

Fluid  being  heated  . 

Fluid  being  cooled  . 

00243 

0-0265 

0-8 

0-8 

0-4 

0-3 

and  N,,  T  *  t0  the  fact  that  evaluation  of  Re  Pr 

asasr  a  sswa 

csooled  surface!  W‘len  “  COntact  with  a  heated  or 
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The  principal  change  in  the  flow  states  occasioned  by  this  tem¬ 
perature  difference  is  that  associated  with  viscosity,  and  Sieder  and 
Tate(12)  have  provided  a  similar  formula  which  corrects  for  this 
change,  by  the  inclusion  of  a  fourth  group,  the  ratio  between  fluid 
viscosity  at  wall  temperatures  and  bulk  temperature,  and  the  usgm 
of  viscosity  values  at  wall  temperature  throughout  . 


Thus, 


hD 


=  0  027  |  — 

w 


/DVpy'/c^y™/  ti\ 

\  /^w  j  \  K  J  \^wj 


0-14 


where  aw  =  viscosity  of  fluid  at  wall  temperature,  all  other  pro¬ 
perties  being  determined  at  bulk  temperature. 

It  is  true  that  the  use  of  this  formula  requires  an  initial  evaluation 
of  the  wall  temperature,  but  it  will  be  shown  later  that  this  is* 
usually  possible. 

This  expression  is  alternative  to  the  Dittus-Boelter  formula, 
although  the  latter  is  satisfactory  for  most  usual  purposes.  All 
these  arguments  have  related  to  systems  in  which  the  Reynolds 
Number  was  within  the  turbulent  range.  Work  on  fluids  in  viscou&j 
flow,  have  revealed  formulae  of  a  similar  type  as  before,  but  it  in 
found  that  the  length  of  the  duct  is  of  some  importance,  presumably 
because  of  the  tendency  to  develop  accidental  turbulence  as  tha 

flow  continues.  . 

Sieder  and  Tate,(13)  for  example  have  suggested  a  formula  similai 

to  that  proposed  for  fully  turbulent  conditions,  where 

in  which  the  symbols  have  the  same  significance  as  before. 

The  case  is  often  encountered  that  a  fluid  is  flowing  within  B 
duct  of  irregular  section,  or  through  a  space  between  outer  anc 
inner  ducts.  These  cases  may  be  treated  in  an  exactly  similar 
fashion,  so  long  as  the  equivalent  diameter  of  the  section  is  used; 
The  equivalent  diameter  is  shown  in  hydraulics  to  have  the  value- 

D?  =  4  x  hydraulic  radius 

Cross-section  area  of  flow _ 

^  Perimeter  of  cross-section  of  flow 

Thus  in  the  special  case  where  a  fluid  flows  in  the  annulus  between 
an  inner  and  outer  pipe,  of  external  diameter  Dx  and  interna 
diameter  D2,  respectively — 

[  7tD22  t riVl 

4  4 

7tD.2  +  7TDl 


=  D2-Dl 
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Even  more  complex  shapes  may  be  dealt  with  by  graphical 
means. 

Fluids,  especially  gases,  are  often  heated  by  causing  them  to 
flow  over  heated  tubes  in  a  direction  normal  to  their  axis,  and  with 
the  tubes  arranged  in  successive  rows  or  banks.  Although  the 
arrangement  is  complex,  fairly  reliable  formulae  have  been  evolved 
by  the  same  methods  as  before,  although  corrections  have  to  be  made 
for  the  number  of  rows  of  tubes,  and  for  the  pitching  in  any  row. 

McAdams(14)  has  recommended  the  use  of  the  equation — 


KPo  . /A) vmPfy-'/c9pfy-* 

= yA  \-jr)  l~V7 

hm  =  mean  value  of  h  over  a  number  of  rows  of  tubes, 

Vm  —  maximum  fluid  velocity  in  the  gap  between  tubes, 
jjLf,  pf ,  kf ,  are  evaluated  at  film  temperature, 

D0  =  outside  diameter  of  the  tube,  and  not  the  equivalent 
diameter  of  the  fluid  passage. 


It  should  be  noted  that  this  fictitious  Reynolds  Number, 
expresses  the  state  of  flow  in  the  approach  to  any  tube, 


md  not  in  collision. 

The  variations  introduced  by  using  different  pitch  and  increasing 
ows  are  allowed  for  in  the  values  of  a  and  A,  as  below — 


For  tubes  on  square  pitch  y  =  0*26 
For  tubes  on  60-degree  pitch  y  =  0*33 


No.  of  Rows  12345678  0 

^  0-72  0-83  0-87  0-92  0-94  0-96  097  099 


10 

1-0 


\tter  the  tenth  row  the  turbulence  promoted  by  collision  is  at  a 
naximum,  and  hm  is  not  increased  further  on  this  account.  This 

ormula  is  a  reliable  one  for  use  with  gases  and  it  applies  only  to 
urbulent  flow.  *y 

In  all  the  oases  so  far  considered  there  has  been  one  common 

l  i  tha,t  iheje  was  "°  Phase  change  involved.  That  is 

'  t  ,at  although  fluids  are  supposed  to  be  heated  or  cooled  no 
vaporation  or  condensation  is  entailed  at  the  solid  boundary  ’  In 
nany  chemical  engineering  operations  boiling  or  condensation  is 

u-yKrATi:  nsfa’XtsSr. -  s 

•  ’  C00hn^  a  condensable  vapour  on  a  solid  surface  produces 
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a  complication  because  liquid  condensate  forms,  and  may  constitui 
an  additional  resistance  to  heat  flow. 

Little  is  known  about  the  quantitative  aspect  of  heat  tran 
mission  to  boiling  liquids.  Photographic  studies(15)  have  show 
how  the  boiling  may  be  of  various  types,  which  are  influenced  b 
the  nature  of  the  surface,  but  also  by  the  temperature  different 
between  the  bulk  of  the  liquid  and  the  solid  surface.  In  genera 
it  is  found  that  there  exists  a  critical  value  of  this  temperate 
difference,  below  which  bubbles  of  vapour  form  and  grow  indiv\ 
dually,  and  finally  leave  the  heating  surface.  As  the  tempera tu: 
drop  increases,  the  bubbles  form  more  densely  and  more  rapidl 
until  at  the  critical  value  they  blend  to  form  almost  a  continuoi 
sheath.  Increasing  the  temperature  drop  above  this  value  w 
result  in  less,  not  more,  heat  transfer,  for  the  vapour  is  insulatii  j 
the  heat  source. 

A  common  example  of  this  phenomenon  is  provided  by  allowii  j 
a  little  water  to  fall  upon  a  heated  metal  plate.  When  the  met¬ 
is  at  such  a  temperature  that  it  differs  from  the  boiling  point  « 
water  by  some  value  less  than  the  critical,  the  water  spreads  01 
in  a  film,  and  rapidly  evaporates.  If,  however,  the  metal  is  muo 
hotter,  the  water  dropped  upon  it  forms  a  sphere,  and  appears  i 
bounce  on  a  cushion  of  vapour,  while  disappearing  more  slowl 
The  value  of  this  critical  temperature  drop  varies  for  differei 
liquids  and  surfaces,  but  is  often  found  to  be  between  40°  and  60°_ 

The  reverse  case  arises  when  a  vapour  is  to  be  condensed  upon  i 
surface  which  is  cooled  by  some  method.  The  problem  is  not  identic 
with  that  of  cooling  a  non-condensing  gas,  for  a  liquid  film  of  co: 
densate  insulates  the  cooled  surface,  and  the  latent  heat  must  1 
removed  from  the  saturated  vapour  at  the  surface  of  this  film.  J 
any  practical  arrangement  the  condensate  must  continually  dra 
from  the  surface,  and  its  flow  rate  will  have  some  bearing  on  t! 
problem.  This  problem  was  investigated  by  Nusselt(16)  who 
formulae  for  use  with  horizontal  and  vertical  pipes  are  given  bekp 
Although  certain  invalid  assumptions  are  made  in  the  derivation 
these  formulae,  they  still  remain  useful  for  practical  purposes. 

For  vertical  tubes  of  length  L, 


and  for  horizontal  tubes  of  outer  diameter  D, 


KP 

kt 


0730 


\pfkfATJ 


where  A  =  latent  heat  of  condensate 

A T  =  mean  temperature  difference  between  tube  an 
vapour. 

pf>  kf,  are  all  at  mean  condensate  film  temperature. 
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rhese  formulae  apply  to  a  single  tube,  and  although  the  use  ol 
nore  than  one  vertical  tube  does  not  alter  matters,  a  complication 
irises  in  the  use  of  horizontal  tubes  arranged  in  a  bundle.  This  is 
jiecause  the  condensatic  dripping  from  the  upper  tubes  falls  upon 
he  lower  ones  and  the  film  on  these  is  thus  thicker  than  warranted 
W  its  actual  condensing  rate.  This  factor  is  allowed  for  in  practice 

/ 1  \  i 

>y  multiplying  hm  (calculated  from  the  above  formula)  by 

vhere  N  is  the  number  of  tubes  with  condensate  dripping  upon  the 
owest  one. 


HEAT  TRANSMISSION  AND  ITS  APPLICATIONS 

Che  principles  outlined  in  the  first  part  of  the  chapter  will  now  be 
Considered  in  relation  to  some  representative  practical  examples. 

leat  Transmission  by  Radiation  to  a  Conductor  which  in  turn 
transfers  the  Heat  to  a  Fluid  by  Means  of  Convection 

This  example  embraces  all  those  processes  in  which  a  liquid  or  a 
;as  is  heated  by  passing  it  over  a  solid  surface  which  is  exposed  to 
flame  in  some  sort  of  furnace, 

.g.  boilers,  stills,  gas  heaters,  etc. 
t  also  includes  the  means  by  which 
eat  is  lost  from  the  walls  of  such 
urnaces,  and  those  instances  in 
diich  solid  masses  are  heated  on 
red  hearths.  Although  in  this  case 
le  transfer  of  heat  by  convection 
negligible,  there  are  other  features 
diich  render  this  a  special  case 
ften  encountered  in  reverberatory 
r  reaction  furnaces. 

The  general  picture  may  be 

isualized  by  means  of  an  example  in  which  a  tube  through  which 
iquid  runs  is  enclosed  in  a  furnace.  Consider  a  section  across  the 
rrangement  in  Fig.  28.  Let  the  furnace  walls  be  at  a  steady 
?mperature  T F  over  the  section,  the  inner  and  outer  surfaces 
f  the  tube  at  TWi  and  TWi,  respectively,  while  the  bulk  temperatures 
f  the  liquid  is  T  L.  The  tube  wall  has  a  thickness  L.  Imagine  a 
quid  of  specific  heat  Cp  running  past  the  section  at  a  steady  rate 
nd  its  temperature  increasing  some  small  amount  so  that  there  is  a 
;eady  rate  of  heat  flow  to  the  liquid  as  it  passes  the  section.  Now 
y  the  conclusions  drawn  in  the  first  part  of  the  chapter,  several 
lings  are  taking  place — 

(а)  There  is  a  net  exchange  of  radiant  heat  between  the  furnace 
alls  and  the  outer  surface  of  the  tube. 

(б)  This  same  heat  passes  through  the  tube  wall  by  conduction. 
(C)  I  Ills  heat  is  finally  transferred  to  the  liquid  by  convection. 

3  (T.653) 


Fig.  28.  Section  of  Tube  in 
Simple  Furnace 
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These  three  heat  flows  are  simultaneous  and  equal  if  all  tempera 
tures  in  the  section  are  fixed.  That  is  to  say  that  if  the  meai 
temperature  of  the  tube  wall  is  constant,  it  is  not  storing  heat,  ani 
so  hands  on  to  the  fluid  all  the  heat  it  acquires  from  the  furnace. 

The  equations  for  the  three  transfers  may  then  be  equated  a 
follows,  using  the  appropriate  areas — 


T)  ~aAo 


F 


m 


F^-w 


100 
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wx 


w 


100 
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JcA 


l.m. 


(TWl  -  TWi) 


=  hA{  (TWt 


f.  O 

lift 

o  o  o  o 

Fig.  20.  Possible  Flow  Patterns  and  Temperature 
Distributions  in  a  Furnace 
(a)  Cross  (low.  ( b )  Parallel  flow.  (c)  Counter-current  flow. 


Note  that  all  temperatures  have  been  reckoned  on  the  absolu 
scale,  to  avoid  confusion.  It  is  obvious  that  with  a  fixed  value  < 

—  between  temperatures  TF  and  TL,  the  intermediate  temperature 

must  arrange  themselves  at  fixed  values  also.  Also,  when  tl 
dimensions  of  the  tube  section  are  known,  the  three  area  terms  raq 
all  be  related. 

When  these  heat-transfer  equations  are  extended  over  tl 
entire  length  of  exposed  tube,  however,  it  is  found  that  the  vario^ 
temperatures  vary  with  the  length.  The  way  in  which  the  temper’ 
tures  change  will  in  part  depend  upon  the  arrangement  ol  the  fiov 
involved.  In  Fig.  29  the  sketches  of  the  system  in  longitudinal  sectici 
show  three  ways  in  which  the  flame  gases  could  be  caused  to  tic 
with  respect  to  the  tube.  The  probable  temperature  distribution 
the  liquid  and  the  hot  gases  would  be  as  shown  in  the  graphs. 

It  would  appear  from  these  that  the  heat-transmission  rate  p 
unit  area  is  not  constant  along  the  tube,  for  the  temperatui 
differences  will  vary  widely.  This  driving  force  is  tending  to  destr- 
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itself,  for  the  temperatures  tend  to  close  by  the  very  reason  of  heat 
transfer.  In  the  case  of  the  convection  from  the  tube  wall  to  the 
iquid  for  example,  it  is  obvious  that  the  driving  force  (TWt  —  T L) 
ends  to  decrease  as  the  fluid  flows  from  left  to  right. 

In  applying  the  equation  of  heat  transfer,  therefore,  it  will  be 
ecessary  to  use  some  mean  value  of  this  temperature  difference. 

Now  as  the  temperature  difference  is  destroying  itself,  we  could 
/rite — 

wt  Tl)  irr\  m  \ 

- m -  CC(lWa-lL) 

Wt  T L)  KIT  T  \ 

- — - —  K(lWt  —  l  L) 


r 

ntegrating — 


d(TWt-  Tl)  _  lf 

(TWt  -  Tl) 


log.  (Tw,  -Tl)=-  KO  +  C 


/here  C  is  a  constant  of  integration. 

Let  the  temperature  difference  {TWa  —  T L)  have  the  value  A Tx  at 
he  inlet  of  the  apparatus  and  the  value  A T2  at  the  outlet.  Then — 


t  time  6=0,  (TWt  —  T L)  =  A Tx 
nd  at  time  6  =  6,  (TWt  -  TL)  =  A T2 
Thus,  C,  constant  of  integration  =  A Tx 
Therefore  log,  A T2  —  loge  A Tx  =  —  K6 


nd  AT  =  e~K0+c 

Now  the  entire  heat  transfer  over  the  tube  will  be _ 


(1) 

(2) 


from  (2) 


from  (1) 
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or 


whore 


Q 

d 


=  HAT , 


m 


AT 

*— *  a  hi 


AT1!  -  A T2 

|(  >o* - =■ 

ge  A71 


This  last  expression  means  that,  where  in  convection  the  te 
perature  difference  is  varying,  the  logarithmic  mean  value  shoi 
be  used  in  the  normal  equation.  The  error  introduced  by  using  t 
arithmetical  or  ordinary  mean  is  small  when  the  temperatu 
differences  are  similar  but  is  often  not  negligible. 

In  such  a  system  as  has  been  described,  the  flame  or  gas  te 
perature  (as  well  as  that  of  the  fluid)  will  vary  through  t 
apparatus,  and  it  will  be  necessary  always  to  think  in  terms 
mean  temperature  differences  when  considering  the  total  rate 
heat  transmission  over  the  entire  tube  length. 

The  entire  set  of  rate  equations  representing  the  total  heating 
the  fluid  are  then  written — 


These  formulae  are  the  theoretical  “ribs”  of  the  design  for  su 
an  apparatus.  In  building  the  design  around  them  the  practi* 
limitations  must  be  considered  and  some  sequence  such  as  t 
following  might  be  followed  in  the  calculations — 

The  fuel  burned  in  the  furnace  will  have  to  supply  heat  for  t 
following  purposes,  once  the  arrangement  is  under  steai 
conditions — 

(а)  To  heat  the  fluid  from  inlet  temperature  to  out- 
temperature. 

(б)  To  heat  the  air  for  combustion  from  its  inlet  temperati 
to  the  outlet  flue-gas  temperature. 

(c)  To  make  good  losses  from  the  furnace. 

Although  item  (a)  will  be  known,  experience  must  assist  in  hxi 
items  ( b )  and  (c).  The  unknowns  to  be  decided  upon  are — the 
required  for  combustion  of  the  particular  fuel,  the  temperature 
which  the  flue  gases  can  be  allowed  to  escape  from  the  furna 
and  the  probable  extent  of  furnace  losses. 

In  considering  these  points  in  turn,  it  would  probably  be  foil 
that  30  per  cent  or  so  of  excess  air  will  be  recommended  for  compl« 
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uel  combustion.  It  is  obviously  wasteful  to  allow  fine  gases  to 
arrv  away  too  much  heat,  but  on  the  other  hand  the  rate  of  heat 
ransmission  decreases  as.  they  are  cooled,  and  also  the  risk  of 
depositing  acidic  moisture  on  the  tube  and  refractory  surfaces 
rises.  An  outlet  temperature  of  500°-700°F  would  possibly  be 
idvisable.  Assessing  the  possible  losses  from  a  furnace  before  its 
ize  is  known  is  impossible,  and  the  best  solution  is  to  allow  a  loss 
f  say  5  per  cent  of  the  heat  release  of  the  fuel  burned,  and  then  so 
onstruct  the  refractory  walls  that  this  figure  is  not  exceeded. 

When  the  three  heat  terms  have  been  fixed  in  this  fashion,  the 
iel  consumption  may  be  deduced  if  its  calorific  value  is  known, 
die  two  extremes  of  gas  or  flame  temperature  may  then  be  found 
nd  in  addition  the  stoichiometry  of  the  combustion  may  be 
ompleted . 

Attention  will  now  shift  to  the  transfer  of  heat  from  the  tube  to 
le  liquid,  because  a  further  practical  consideration  is  that  the 
ibe  temperatures  TWx  and  TWi  must  not  be  allowed  to  rise  so  high 
^iat  the  metal  cannot  sustain  the  load  of  its  own  weight  and  that 
f  the  liquid  inside  it  without  deformation.  If  this  temperature 
\  known  for  a  selected  alloy,  the  safe  limit  of  TWi  and  TWi  may  be 
hosen.  Now,  the  limiting  resistance  to  heat  transfer  in  the  series 
ill  probably  be  in  the  liquid  film,  and  thus  the  area  of  exposed 
ibe  required  for  this  purpose  may  now  be  solved  from  the 
}uation — 


here  h  is  found  by  some  formula  such  as  the  Dittus-Boelter 
[nation  and  is  based  on  the  internal  diameter  of  the  tube,  Dt. 
It  nv&y  be  noted  that  this  diameter  is  variable,  but  that  with  a 

xed  flow  of  liquid,  the  Reynolds  Number  is  inversely  proportional 
)  this  diameter. 


P  *  \/°^A2/  P 
4  IT 


7rDiP 

liere  IT  =  mass  of  flow  of  liquid,  and  so  the  value  of  h  is  propor 


propor- 
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properties  of  the  alloy,  and  from  it,  the  necessary  outside  temper 
ture  of  the  tube  surface  may  be  found  from — 

f  -jili...  (Tw-Ta,)m 

where  k  =  thermal  conductivity  of  the  alloy  at  the  me; 
temperature  ^Wt  — 

It  is  usual  where  k  is  large  and  L  is  small  to  find  that  TWt  is  almo 
equal  to  TWl. 

The  final  stage  of  the  design  is  now  to  ensure  that  this  sail 
amount  of  heat,  may  be  transmitted  by  radiation  from  the  h 
gas,  or  flame,  to  the  cooler  tube  surface.  This  entails  the  solutii 
of  the  equation — 


Q 

6 


F 


for  the  factor  F. 

The  easiest  way  of  doing  this  is  to  make  use  of  the  recommendJ 
combustion  release  volume  for  the  fuel  and  type  of  firing  propose 
to  find  the  volume  of  the  furnace,  and  then  to  arrange  this  in  soi 
usual  form  so  as  to  accommodate  the  tube  length  required.  T 
advantage  of  this  previous  estimation  is  that  it  fixes  the  be< 
length”  of  the  gas  stream,  so  that  together  with  the  partial  pressui 
of  the  active  gases  in  the  gases  as  found  from  the  stoichiometry 
the  combustion,  the  emissivity  ol  the  gases  eF  may  be  found  fro 
charts. 

All  that  now  remains  is  to  confirm  that  the  corrected  geomet 
factor  F  found  in  the  charts  for  the  arrangement  is  at  least  su  1 
cient  to  satisfy  the  above  equation.  If  it  is  not,  the  volume  mu 
be  rearranged  so  that  it  is  improved. 

By  consideration  of  some  of  the  practical  aspects  of  the  fur na 
the  triple  requirements  of  the  heat  transmission  have  been  ensur* 
at  least  while  the  furnace  is  operating  continuously  and  in  a  stea 
fashion.  In  considering  the  state  of  affairs  when  the  furnace 
starting  up  from  cold,  the  problems  of  unsteady  conduction  an 
This  is  a  point  of  some  importance  for  not  only  does  it  occur 
this  form,  but  also  many  furnace  problems  are  concerned  with  t 
heating  of  solid  masses.  Furnaces  of  the  reverberatory  type,  win 
heat  solid  reaction  masses  or  pieces  of  metal,  are  fed  with  c« 
solid  which  is  then  continuously  raised  in  temperature.  The  probl- 
of  design  here  encountered  is  so  to  arrange  the  charge  that 
innermost  parts  will  reach  the  proper  temperature  in  the  lequii 
time.  Thus,  the  whole  operation  is  one  involving  unsteady  cc 
duction,  for  although  the  outer  surface  of  the  solid  iecei\es  « 
from  the  furnace  very  rapidly,  its  transmission  inwards  is  mu 
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Ly  the  thermal  conductivity  of  the  solid,  and  the  temperature 
gradually  increases  at  any  point.  The  problem  is  a  complex  one 
nit  an  approximate  and  convenient  tabular  treatment,  due  to 
Schmidt, (17)  is  reproduced  here. 

Consider  a  slab  of  material  of  area  A,  of  uniform  temperature 
Lnd  thickness,  and  of  steady  thermal  conductivity  k,  suddenly 
neated  on  one  side.  Imagine  the  slab  divided  into  several  smaller 
ilabs  of  thickness  l.  Let  the  outer  face  be  suddenly  raised  to  a  tem- 
-erature  of  T0.  Then  after  a  short  interval  of  time  A 0,  let  the 
temperature  at  depth  l  be  rl\  and  at  21  be  rl\. 

Then  as  an  approximation,  the  temperature  gradient  over  the 


p  __  p  p  _  p 

irst  slab  is  at  this  instant,  — ^ — -  and  over  the  second  slab  1 


l  . * . .  l 

Now  the  heat  storage  in  the  slab  lying  between  the  mid-planes 

.  rm-m  m  rwi 


if  the  first  and  second  slabs 


.  (T0 

is  I  — - 


Tl 


kA 


x  )~  (  1  , 

litference  between  the  flow  of  heat  in  and  out  of  the  slab,  which 

nav  also  be  written  as — 


T  —  T 

1  l  1  ci 


kA,  the 


(Alp)G9(T1'  -  -  Tx) 


\6 


the  temperature  Tl  increased  to  Tx,  and  is  supposed  to  represent 
lie  mean  temperature  of  the  slab.  Thus — 


kA 


( To-T i) 


kA 

l 


l  rr  ,  _  AlpCP(  JY  -  '1\) 

l/l  '  -  -  ST 


T  p  _  >2T 

J  0  I  1  2  "il 


^  pT  p  /rp  r  7  j  \ 

A 6k  {  1  ~ 


To  +  T2 


2 


Tx 


"  PT  y  /  rp  t  rp  v 

2A 0k[  1  ~  ll) 


f  values  of  l  and  A 0  arc  chosen  such  that — 

TpCv 


2A  Ok 


=  10 


(1) 


len — 


To  +  Tc 


=  T\ 


aflfr  *  furth«‘r  of  time  M,  rJ\  increases  to  the  arithmetic 

lean  between  the  previous  values  of  'I\  and  1\.  Thus,  by  successive 
leragmg,  the  temperature  at  internal  points,  distance  l  apart 
iay  be  found  at  interval  of  time  A0.  1  ’ 

However,  this  cannot  continue  very  far  without  some  knowledge 

ms.deTthat  ,1?,  '  temperatures  of  the  outside  surfaces  alter, 
insider  that  the  hot  surface  gains  heat  by  radiation  while  the  cold 


ie  loses  it  by  convection. 
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Now,  firstly,  the  heat  input  to  the  first  slab  at  any  instant  i 
represented  by  the  radiation  to  the  outer  face,  and  the  conductio 
away  from  that  face,  or — 

aF{«.rewTF 4  -  e/T,*)  =  \  (T0  -  1\) 

or  oF«.FewTFi  +  ~  =  <xt'„,°(T0)4  +  y  T0  .  .  (: 

If  all  terms  are  known  but  T0,  its  value  may  then  be  found. 

Thus,  when  the  value  of  Tx  has  been  found  by  averaging,  tb 
values  of  T0  and  T1  existing  A 6  before  T0  can  now  also  be  found. 

On  the  outside  surface  likewise,  if  its  temperature  be  Tn  and  tin 
of  the  air  Ta — 

h(Tn  -  ra)  =  -t  (Tn_j  -  T„) 


where  h  is  the  film  coefficient  on  the  outer  surface. 


Thus 

or 


lhTn  -  lhTa  =  kTn_ ,  -  kTn 
_  lhTa  +  kTn_x 
Ih  +  k 


so  that  Tn  may  be  found  successively  from  values  of  Tn_v 

These  calculations  are  most  conveniently  carried  out  in  tabula 
form.  Suppose,  for  example,  that  a  furnace  wall  initially  at  a 
temperature  Ta  is  suddenly  contacted  with  a  hot  gas  or  flame  a 
mean  temperature  T F,  and  the  thickness  of  the  wall  is  divided  inf 
six  equal  portions  of  thickness  l,  then  remembering  that — 


PpC0 

2A  Qk 


=  10 


we  shall  find  the  temperatures  at  successive  depths  l,  after  interva 
of  time  AO.  If  a  table  of  these  terms  is  prepared  as  below,  the  fir. 
line  of  figures  is  the  temperature  at  all  points  at  time  0,  that  is  7 


x  Temp. 

Time 

T0 

T i 

t2 

T, 

T, 

Tb 

T 

X  6 

0 

Ta 

Ta 

Ta 

Ta 

Ta 

Ta 

T 

-1-  a 

A  0 

2A  6 

3A  6 

4A  Q 

Now,  supposing  the  flame  to  be  introduced  into  the  setting  a 
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ime  0,  then  the  temperature  T0  at  the  inner  face  is  found  from 
q nation  (2),  assuming  7\  to  remain  constant  at  Ta.  Thus,  at  time 
7’0  has  increased  while  T1  —  rJ\  remain  at  Ta.  At  time  2  AO 
he  value  of  is  now  found  as  the  average  of  and  T %  in  the 
ow  above,  and  this  in  turn  leads  to  a  new  value  for  T0.  This 
rocess  may  be  continued  in  successive  horizontal  rows,  until  we 
^ach,  in  this  example,  that  representing  the  temperatures  at 
ime  7  A 0.  Here  it  is  found  that  the  value  of  7'6  may  not  be  assumed 
s  being  constant  at  1\,  but  its  value  can,  in  fact,  be  calculated 
■om  equation  (3)  when  Tn  is  the  required  value  of  T6,  and  T n_x  that 
f  Tb.  By  proceeding  to  fill  out  the  table  we  produce  a  picture  of 
le  wall  gradually  heating  up.  It  can  also  be  seen  that  the  heating 
f  the  inner  face  reduces  the  flow  of  heat  into  the  wall,  while  the 
eating  of  the  outer  face  increases  the  flow  of  heat  out  of  the  wall, 
’hese  two  heat  terms  tend  to  equality  when,  of  course,  the  conduc- 
on  becomes  steady  and  all  temperatures  remain  fixed. 

This  method  is  an  approximate  one  only,  so  that  the  results  do 
ot  generally  warrant  the  tedious  task  of  working  out  this  complete 
flution.  Nevertheless,  it  does  provide  a  very  valuable  means  of 
ssessing  the  additional  heat  loss  involved  in  heating  the  furnace 
itting.  If  the  actual  heat  input  to  the  wall  (based  on  successive 
alues  of  TV  and  T0)  were  calculated,  and  the  graph  of  heat  input 
gainst  time  were  prepared,  it  would  be  seen  how  the  heat  loss 
•aduallv  declines  from  a  high  value  to  a  much  smaller  figure 
“presenting  the  conditions  of  steady  conduction.  This  initial 
gher  rate  of  heat  loss  must  be  supplied  by  the  fuel  and  so  its 
aantity  is  of  direct  importance. 

Further,  the  resulting  picture  of  the  temperature  gradients 
hich  exists  in  the  various  parts  of  the  furnace  wall  is  of  direct 
distance  in  choosing  the  refractory  materials  from  which  it  must 
3  constructed. 


eat  Transmission  through  a  Conductor  which  then  loses  Heat  by 
Convection  and  Radiation 

This  particular  problem  is  of  some  importance  when  the  conductor 
wolved  is  a  poor  one  such  as  is  the  case  of  an  insulation  or  Wing 
i  course,  this  case  might  well  be  involved  in  the  previous^  one, 
id  it  is  true  that  problems  of  this  sort  are  seldom  simple 
Consider  the  example  of  an  applied  layer  of  insulation  on  the 
LtsKle  of  a  heated  surface,  such  as  a  steam  pipe,  or  an  evaporator, 
ere  the  metal  surface  may  be  assumed  to  be  at  a  constant 
mperature  7  If  the  metal  wall  is  of  usual  thickness,  the  outer 

ZTliouhTw db°r  t  practical  PurPoses>  be  that  Of  the  steam  or 
ng  liquid  within  the  pipe  or  vessel.  At  steady  conditions  the 

iter  surface  of  the  insulation  will  be  at  some  temperature  T„  If 

e  surrounding  air  temperature  is  T  there  are  three  simultaneous 
tat  transmissions  taking  place.  muiuuieous 
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Firstly  a  certain  quantity  of  heat  is  conducted  through  tl 
insulation — 

f  =  jAm(Ts- T„)  B.Th.U./hr 

where  k  =  thermal  conductivity  of  insulation, 

l  —  thickness  of  insulation, 


Am  =  the  mean  area. 


The  heat  is  now  lost  by  two  mechanisms  from  the  outer  surface- 
by  convection  and  bv  radiation.  Supposing  the  heat-transfl 
coefficient  for  convection  to  be  h,  and  that  the  emissivities  an 
geometric  factors  of  the  surface  and  its  surroundings  approae 
unity,  these  two  losses  may  be  summed  thus — 


Q 

0 


=  hA0(T0-Ta)  +  oA0 


I 

17  ToY 

U'-Vl 

’0 

A100/  * 

"A  J 

It  is  often  considered  a  convenience  to  divide  the  second  term  t 
the  right-hand  side  of  the  equation  by  ( T0 —  Ta)  so  that  it  can 
added  to  the  convection  coefficient  to  give  a  so-called  combin* 
coefficient  for  radiation  and  convection.  The  point  is  that  the  u 
of  one  of  the  formulae  on  p.  49  would  provide  the  coefficient  fl 
convection  losses  only,  and  thus  would  be  corrected  for  radiatic 
to  give  the  combined  coefficient  hr+c,  where — 


and  also,  =  hr+cA0(T0  —  Ta ) 


As  indicated  on  p.  49,  h  is  itselt  a  simple  function  ol  (/0  Ia), 
that  for  heat  losses  of  this  sort,  the  information  is  often  present 
graphically. (18) 

The  design  of  insulation  for  a  pipe,  or  piece  of  plant,  commenc 
with  a  statement  of  the  figure  to  which  the  heat  losses  are  to 
restricted  and  the  area  A0  over  which  they  are  to  occur.  There 
sometimes  a  little  difficulty  here,  because  the  outside  area  of  t 
insulation  depends  on  the  thickness  of  that  insulation ;  it  is  necessa 
to  combine  the  dimensions  of  the  form  being  insulated  with  the  inf¬ 
lation  thickness  l,  so  as  to  give  the  term  A0.  Probably  the  easi< 
method  is  to  select  some  thickness  l  and  solve  on  a  trial-and-eri 
basis.  Then  the  value  of  the  external  combined  coefficient  of  he 
transfer  hr+c  should  be  fixed ;  this  entails  an  estimate  of  t 
probable  outer  surface  temperature  T0.  The  outside  surface  ten 
perature  may  then  be  found  directly  by  solution  of  the  abo* 


HEAT  TRANSFER 


65 


equation  (4),  and  the  value  of  hr+c  adjusted  if  this  differs  appreciably 

from  the  estimated  value.  ,  .  . 

This  surface  temperature  T0  now  controls  the  heat  loss,  and  it  is 

necessary  to  provide  such  a  thickness  of  insulator  that  the  outer 
surface  is  at  this  temperature.  The  required  thickness  l  can  be  found 
from  the  equation — 

|  =  y  Am(T,  -  T0) 

Once  more  it  should  be  noted  that  Am  is  itselt  related  to  l,  so  that  a 
trial-and-error  solution,  assuming  different  thicknesses  of  insulation, 
is  the  usual  practice.  The  final  choice  of  insulation  will  be  an 
economic  one,  the  increased  cost  of  insulation  being  weighed  against 
the  saving  represented  by  the  reduced  heat  loss. 

Convection  from  one  Fluid  to  Another  via  a  Solid  Conductor 

This  section  includes  very  important  instances  of  applied  heat 
transmission  and  embraces  all  those  conventional  pieces  of  apparatus 
ri  which  fluids  are  heated,  cooled,  boiled,  or  condensed.  The  first 
essential  of  such  apparatus  is  that  the  passages  which  carry  the 
fluids,  should  have  the  maximum  possible  common  perimeter 
through  which  heat  may  flow.  This  is  very  commonly  effected  by 
die  ‘‘shell  and  tube'’  construction,  where  a  number  of  small  tubes 
ire  arranged  within  a  larger  one.  In  the  discussion  on  pp.  49 
uid  50  it  was  shown  that  the  heat  transfer  to  fluids  in  motion  was 
elated  to  the  speed  of  that  motion,  so  that  in  the  design  of  such 
ipparatus  attention  must  be  given  to  the  velocity  with  which  the 
tiaterial  moves  through  it.  This  is  often  an  important  factor  in 
hat  liquids  which  have  high  viscosities  or  low  densities,  for  example, 
•an  be  made  to  flow  at  such  speeds  that  the  Reynolds  Number  is 
satisfactory.  This  means  a  value  of  at  least  3,000,  of  course,  to 
msure  turbulent  flow,  and  in  practice  between  7,000  and  10,000. 

Tlio  vaiious  types  of  apparatus  found  in  this  section  may  be 
livided  arbitrarily  into  three  classes,  which  will  be  discussed  in 
'omc  detail. 

Tubular  Heat  Exchangers.  When  the  heat  content  of  one 
hnd  is  to  be  transferred  to  another,  a  simple  piece  of  plant  known 
is  the  double-pipe  heal  exchanger  may  bo  used.  As  its  name  suggests 
his  consists  of  one  pipe  or  tube  secured  centrally  within  a  larger 
>nc.  One  fluid  flows  within  the  inner  pipe,  and  the  other  in  the 
nnular  space  between  the  pipes,  and  they  may  do  so  in  either 
n-current  or  counter-current  flow.  The  general  principles  involved 

hnpleTxamX h  *  ^  exchanger  may  be  examined  by  means  of  a 

f  r-PtoSVbhb/llr  °f  a  UqU,id  are  t0  be  coolcd  ft'om  a  temperature 
1  toT'  by  a  stream  of  wa*er  initially  at  77°,  and  which  must 
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not  rise  above  T2"°,  in  a  double-pipe  heat  exchanger,  as  shown  i 
Fig.  30. 

The  first  step  is  to  complete  the  mass  balance  by  finding  the  ma? 
of  water  W2  lb/hr  which  must  flow  through  the  apparatus.  This 
effected  by  solving  for  W2  in  the  heat  balance — 

-  27)  =  w A(ts  -  T') 

where  Sx  and  S2  are  the  specific  heats. 

The  second  step  is  to  fix  the  dimensions  of  pipes  to  be  used,  an 
this  means  that  one  fluid  must  be  chosen  to  flow  in  the  inner  tub* 
As  it  is  generally  easier  to  obtain  turbulent  flow  in  the  inm 
tube  rather  than  in  the  annulus,  it  is  convenient  to  let  th 


Fig.  30.  Diagrammatic  Form  of  Double -pipe  Heat  Exchanger 

inner  fluid  be  that  with  the  smaller  rate  of  mass  flow.  In  prac 
tice  other  properties  may  modify  this  choice,  such  as  the  relative 
viscosities,  tendency  to  form  scale  or  sludge  or  even  the  importano 
of  heat  economy  in  either  stream . 

Assuming  that  W1  is  to  be  the  flow  in  the  inner  tube,  this  mus 
have  such  an  inside  diameter  that  satisfactory  turbulence  will  b 
obtained.  Supposing  that  this  is  suggested  as  meaning  a  value  ci 
7,000  for  the  Reynolds  Number,  then  using  the  same  subscript  ( 
for  all  properties  of  the  inner  circuit — 

=  Re,  =  7,000  (at  least) 


substituting — 

4  W 

"  -d-  =  Re,  =  7,000  (at  least) 

7tD1  fJil 

from  which  the  maximum  allowable  value  of  Dl  may  be  found.  1 1 
actual  fact  this  would  be  “rounded  off”  to  the  nearest  convenien 
commercial  pipe  size,  and  the  actual  value  of  the  Reynolds  Numbt  .< 
found.  The  wall  thickness  (and  thus  the  outer  diameter  D±')  < 
the  inner  tube  would  be  fixed  if  a  commercial  size  pipe  was  selectei 1 
although  it  might  have  to  be  specially  calculated  when  working 
high  pressures. 
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At  this  stage  it  is  wise  to  fix  the  inner  diameter  of  the  outer  pipe, 
jj  so  that  turbulence  may  also  persist  in  the  second  nind  whiu 
flows  in  the  annulus.  As  shown  on  p.  52,  in  calculating  the  Reynolds 
Number  in  the  annulus,  the  proper  equivalent  diameter  should  be 
used,  which  in  this  case  is  [D2 —  D^). 


Then 


_ Di)Y*P*  =  Re2  =  7,000  (at least) 

fh 


Now 


Vo  = 


wt 


p27T  \{B2)2  -  -  {D^)2 


md,  bv  substitution — 

4  W 


77 


in  *  2n  ,v  -  =  Re2  -  7,000  (at  least) 
{Do  +  Dx  )jli2 


from  which  D2  may  be  found,  and  the  nearest  available  tubing 
selected,  the  value  of  Re2  being  adjusted  if  necessary.  It  is  often 
found  that  the  value  of  W2  may  be  so  low  as  to  cause  the  difference 
between  Dx'  and  D2  to  be  impracticable  and  in  order  to  secure  a 
reasonable  practical  clearance  between  the  tubes  it  may  be  that 
a,  lower  value  of  Re2  will  have  to  be  tolerated. 

With  the  conditions  of  flow  fixed  in  both  streams,  the  conditions 
)f  heat  transfer  may  be  determined,  for  the  heat-transfer  coefficients 
)f  both  fluid  films  on  the  surfaces  of  the  inner  tube  may  be  calcu- 
ated  by  the  use  of  such  formulae  as  were  described  on  pp.  51  and  52. 
Let  these  film  coefficients  be  and  h2  respectively  and  consider 
'or  a  moment  the  conditions  at  the  tube  wall.  The  heat  will  be 
transferred  from  one  fluid  to  the  other  under  steady  conditions  by 
neans  of  three  consecutive  methods.  They  are,  firstly,  by  forced 
3onvection  in  the  film  on  the  inside  of  the  inner  tube,  secondly  by 
conduction  through  the  tube  wall,  and  lastly  by  convection  through 
'he  him  on  the  outside  of  the  inner  tube.  If  the  temperature  of 
4ie  inside  and  outside  surfaces  of  the  inner  tube  are  Tw  and  Tw 

•espectively  at  some  cross-section,  this  state  of  affairs  could  be 
vritten  as — 


e  -  -  TWl)  =  -LAm(TWi  -  TWl)  =  h2A2(Tw>  -  T2) 


(1) 


tvhere  L  is  the  wall  thickness. 

Alternatively,  the  heat  transfer  at  this  section  could  be  supposed 

ItTansfLl  *■ ^  nTina!  te»u-  a  local  SS 
leat-transfer  coefficient  U,  based  on  either  inside  or  outside  surface. 

Q 


Thus,  for  example,  i  =  U2A2(Tl  —  7',) 


(2) 
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Now  (T,  -  T,)  =  (Tl  -  Tm)  +  (TWl  -  TWl)  +  (Tw,  -  T2)  .  ( 
and  from  (2),  ■  =  (Tx  -  T2) 

Combining  this  with  (I)  and  (3) — 

Q  _  Q  Ql  Q 

eU2A2  dh1A1  +  6kAm  +  Oh2A„ 

1  1  |  L  1 

U%A%  Vi  kAm  +  h,A2 


In  normal  cases  Am, 
simplifies  to — 


Ax  and  ^42  are  almost  equal  and  the  equatic 


1 

TTt-u1 


=  -!-  +  -i+ 

A,  '  k  r 


1 

ho 


If,  in  addition,  the  thermal  conductivity  of  the  material  froa 
which  the  tube  is  constructed  is  reasonably  high,  this  may  furth« 
simplify  to — 


_L  j_  i 
TT,  ~  hx  +  K 


It  should  be  appreciated  that  the  first  of  these  three  formult; 
is  the  general  one,  and  that  although  the  second  and  third  are  ofto 
used,  this  can  lead  to  serious  errors  when  heavy  wall  thickness# 
or  less  usual  materials  of  construction  are  involved. 

The  idea  of  a  local  overall  coefficient  of  heat  transfer  can  II 
extended  to  the  whole  heat-transfer  surface,  provided  the  prop* 
temperature  difference  is  applied.  This  varies  along  the  length  « 
the  exchanger,  of  course,  and  as  shown  on  pp.  57  and  58,  the  logaritl 
mic  mean  temperature  drop  should  be  used. 

Thus,  for  the  entire  heat  exchanger,  the  area  over  which  tl 
transfer  may  take  place  is  to  be  calculated  in  our  example  from  tl : 
equation — 

1FA(7V-  7V)  =  UA{TX-T%)lmm, 

in  which  U  has  been  compounded  from  the  film  coefficients,  an 
where  the  form  of  (771  —  T2)l  nl  depends  upon  whether  the  flow 
are  co-current  or  counter-current. 

This  surface  is  then  translated  into  terms  of  length  of  exchange 
with  some  allowance  for  the  accuracy  of  the  method,  or  for  fluctus 
tions  in  duty.  This  length  of  exchanger  is  the  technical  solutioi 
but  it  may  not  be  a  conventional  or  even  a  convenient  one  i 
which  case  it  may  be  arranged  in  shorter  lengths  in  series  know> 
as  “passes.”  The  arrangements  for  transferring  the  liquids  froi 
pass  to  pass  require  special  attention  in  detail  design,  as  does  tl 
lagging  to  be  applied  externally. 
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In  certain  circumstances  it  may  be  found  that  the  simple  dou  de- 
)ipe  heat  exchanger  cannot  be  used,  and  the  single  inner  pipe  must 
;>e  replaced  by  two  or  more  smaller  tubes  in  parallel.  I  his  is  otten 
•esorted  to  because  of  economies  in  construction,  as  well  as  in  heat, 
because  the  external,  or  shell,  surface  of  the  design  is  great!} 


•educed.  .  ,  .  ,v 

The  possibilities  of  this  construction  may  be  examined  in  the 

olio  wing  simple  argument.  If  IF,  lb/hr  of  a  fluid  are  to  flow  within 
he  inner  tube,  or  tubes,  of  an  exchanger,  suppose  that  some  value 
3,e,  for  the  Reynolds  Number  is  acceptable.  If  the  flow  takes 
dace  through  n  tubes  of  internal  diameter  dl,  then 


Rei  =  4Ei  (4)  * 

nPi  \7rd1J  //, 


4  IF, 

7 7  Tbd  1  JU  , 


md  this  may  be  secured  by  any  value  for  the  product 


4  IF, 

7 Tju1Re1 


The  choice  may  range  from  one  large  tube  to  many  small  ones, 
md  so  long  as  the  value  of  ndY  remains  constant,  the  flow7  conditions 
or  the  fluid  film  will  remain  the  same.  Further,  the  internal  area 
>f  the  tube  bundle  per  foot  run  will  also  be  constant  at  mrdY  for 
my  of  these  arrangements. 

On  the  shell  side  where  a  second  fluid  flows  at  1F2  lb/hr,  however, 
he  position  will  not  remain  constant.  If  the  inner  tubes  are 
nclosed  in  a  larger  shell  of  diameter  D0,  the  expression  for  the 
quivalent  diameter  of  the  cross-section  is — 


4  x  7T  (D02  -  n(d,')2)  =  D0 2  - 

4  77(A)  +  ndi)  D0  —  ndxf 
nd  so  the  Reynolds  Number  in  the  shell  space  becomes — 


77 


/'2 


Vith  fixed  values  for  It',,  nd,'  and  J\,  tl.e  value  of  tl.e  equivalent 
wmeter  decreases  as  the  number  of  tubes  increases,  so  that  Re, 
alb.  11  I)  has  to  be  increased  in  order  to  accommodate  the  larger 
lumber  of  small  tubes  when  they  are  spaced  apart,  the  amount  of 

^aytTntrodu^ed  d  “  deCTeaSed-  and  <=ross-baffling 


Condensers  and  Steam  Heaters. 
bove  are  particularly  applicable  to  those 


The  conditions  described 
instances  of  heat  transfer 
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where  one  fluid  is  being  caused  to  pass  through  a  change  of  pha  . 
by  condensation.  The  difficulties  associated  with  the  shell  sir 
multi-tube  construction  do  not  apply  in  such  cases,  because  the  heJ 
transfer  from  a  condensing  vapour  does  not  depend  upon  the  turbi 
lence  in  the  vapour  so  much  as  on  that  produced  by  gravity  in  tl 
layer  of  condensate  on  the  tube  surface.  Under  these  circumstanc 
the  advantages  of  the  multi-tube  design  heavily  outweigh  ti 
disadvantages. 

The  vapour  to  be  condensed  is  led  into  the  shell  space,  whi 
the  cooling  fluid  (which  may  be  water,  or  any  process  liquid) 
passed  through  the  tubes.  The  steam  heater  is  only  a  special  for 
of  condenser,  of  course,  in  which  emphasis  is  laid  more  upon  tl 
liquid  outlet  temperature  than  upon  the  condition  of  the  condensate 

The  principles  of  attack  in  design  may  be  expanded  in  the  cai 
where  W1  lb/hr  of  a  saturated  vapour  at  T1°F  and  latent  heat 
are  to  be  condensed  in  a  tube-and-shell  condenser  using  water  i 
To°F  as  a  coolant. 

The  first  step  is  to  complete  the  mass  and  heat  balance  of  til 
condensation.  To  do  this  the  condenser  will  be  supposed  only  i 
condense  the  liquid,  and  to  make  no  attempt  to  cool  the  condensation 
so  that  the  temperature  outside  the  tubes  is  constant.  In  man 
cases  this  could  be  more  efficiently  carried  out  in  a  cooler  designer 
for  the  purpose. 

Then  W&  =  W2S2(T2"  -  T2') 

from  which  W2  may  be  found  when  a  value  for  T2,  the  water  outG 
temperature,  is  fixed.  qjp 

The  second  step  is  to  find  the  value  nd2  = - at  some  suitab 
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value  of  Re2,  the  Reynolds  Number  of  the  water  flowing  in  til 
tubes.  The  number  of  tubes  n  required  when  a  certain  inside  tut  I 
diameter  d2  is  chosen  may  then  be  found,  and  some  suitable  arrang 
ment  decided  upon.  The  inside  film  coefficient  may  then  tl 
calculated.  If  the  condenser  is  to  be  a  horizontal  one,  some  atternj 
must  be  made  at  this  stage  to  arrange  these  tubes  on  a  defini 
pitch,  so  that  the  number  of  tubes  able  to  drip  on  the  lowest  tut  I 
may  be  found.  This  figure  must  be  known,  in  order  that  the  fik 
coefficient  for  the  condensing  vapour  can  be  calculated  fro 
Nusselt’s  formula.  This  complication  does  not  arise  if  the  tub* 
are  placed  vertically,  although  the  film  coefficient  can  only  1 
found  in  terms  of  the  as  yet  unknown  tube  length. 

The  vapour  film  coefficient  can  then  be  combined  with  that  ft 
the  water  film  and  the  conductance  term  of  the  tube  wall  to  giv 
an  overall  coefficient.  The  heat-transfer  area,  and  thus  the  lengti 
of  the  tube  bundle,  is  then  solved.  It  may  be  that  the  length 
unconventional,  or  inconvenient,  and  it  may  be  necessary  * 
“fold”  the  bundle  into  two  (or  more)  passes.  This  means  tha 
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although  the  coolant  still  passes  inside  the  same  number  ot  tubes 
in  parallel,  the  vapour  is  condensing  on  twice  (or  more)  the  number 
of  tubes.  These  should  now  be  arranged  as  one  whole  bundle,  the 
irip  factor  found,  and  the  vapour  film  coefficient  corrected  accord¬ 
ingly  in  the  case  of  a  horizontal  condenser.  This  will  lead  to  a 
tiew  value  for  the  overall  coefficient,  and  thus  a  final  slight 
modification  of  the  tube  length. 

If  either  liquid  condensate  or  11011-condensable  gases  are  allowed 
;o  collect  in  the  shell  they  may  blanket  part  of  the  condensing 
surface,  so  reducing  the  total  capacity.  It  is  thus  important  to 
provide  effective  means  of  removing  liquid  condensate,  or  non- 
londensable  gases,  in  every  condenser  or  steam  heater,  and  to  insu- 
ate  the  outside  of  condensers  when  the  coolant  is  a  process  liquid 
11  which  heat  economy  is  important.  Steam  heaters  are  always 
agged  to  prevent  waste  of  steam. 

Gas  Heaters  and  Coolers.  Heaters  and  coolers  handling  gases 
ire  not  essentially  different  from  those  processing  liquids  but 
ffiere  are  special  features  connected  with  them  which  are  really 
•e flections  of  the  physical  properties  of  gases. 

The  densities,  viscosities  and  thermal  conductivities  of  gases  are 
generally  so  low  compared  with  liquids  that,  for  comparable  mass 
lows,  the  film  coefficients  of  heat  transfer  in  gases  are  low.  Thus, 
he  main  and  controlling  resistance  in  such  cases  lies  in  the  gas 
ilm,  and  the  overall  coefficient  tends  to  approximate  it  numeri- 
ally.  In  these  circumstances  it  is  important  to  secure  the  maximum 
urbulence  in  the  gas  streams,  and  where  this  may  be  partially 
ecured  by  the  velocity  of  flow,  it  can  be  further  implemented  by 
ollision.  This  is  effected  by  causing  the  gas  stream  to  pass  normally 
ver  the  outside  of  tubes  arranged  in  banks.  The  calculation  of 
he  gas  film  coefficient  is  carried  out  by  the  use  of  such  formulae 
,s  are  outlined  in  pp.  52  and  53.  The  conditions  of  the  heating  or 
ooling  medium  inside  the  tubes  are  not  so  important,  provided 
hey  are  reasonable,  for  the  heat  transfer  is  limited  by  the  gas 
ilm  If  the  apparatus  is  designed  as  a  gas — gas  heat  exchanger 
quat  care  must  be  given  to  both  films  and  the  design  tends  to  revert 

0  the  normal  shell-tube  pattern  with  extensive  cross-baffling  in 
he  shell  space.  6 

.  In  bri,ef  s.ummaries  the  importance  of  securing  a  high 

Reynolds  Number  in  the  fluid  streams  has  been  stressed.  It  should 
e  reahzed  that  this  can  only  be  secured  at  the  cost  of  increasing 

roil  niTwT68! m  the, form  of  pressure  drops.  This  may  be  a  con! 
rolling  factor  (e.g.  when  gravity  feeds  are  used)  and  in  any  case 

"I11  resi,lt'  There  arises  a  point,  therefore, 
t  which  the  reduction  in  first  cost  of  a  heat  exchanger  secured  bv 

“ti's  I  '  TS  fl7  ™te.is  by  addifional  rmming 

arges.  I  his  provides  a  further  instance  of  the  final  control  of 

anomic  considerations  over  technical  alternatives. 
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Evaporation.  Almost  every  chemical  process  involves  a  particuffi 
instance  of  heat  transfer  to  a  boiling  liquid,  namely,  evaporatioi 
The  concentration  of  solutions  prior  to  crystallization  or  furtht 
treatment  is  so  general  that  this  is  one  of  the  more  important  un 
operations.  The  theoretical  difficulties  are  not  very  great,  for  th 
process  is  simple  enough,  excess  solvent  being  expelled  by  the  simp 
expedient  of  boiling  it  off.  Although  the  term  solvent  is  used  in 
general  sense,  it  is  perhaps  more  usual  to  think  of  the  concentratic 
of  aqueous  liquors. 

Evaporation  involves  fundamental  problems  in  handling,  as  we 
as  in  transfer  and  economy  of  heat,  and  it  is  consideration  of  thet 
requirements  that  has  led  to  the  existing  diversity  in  the  design  « 


Fig.  31.  Simple  Diagram  of  a  Triple -effect  Evaporator 

(Forward  Feed) 

evaporators.  To  set  aside,  for  the  moment,  discussion  of  suc< 
diversity,  an  evaporator  might  be  considered  as  a  vessel  of  suitab 
size  fitted  with  connexions  for  feed  liquor  and  product,  and  wit 
some  heating  device,  such  as  steam  coils  or  tubes,  installed. 

In  a  process  handling  quantities  of  dilute  liquor  the  amount  t 
be  evaporated  per  pound  of  product  may  be  large,  and  the  e vapor: 
tion  of  this  excess  is  an  expensive  matter.  Thus,  the  emphasis  i 
design  and  operation  of  such  plant  is  on  steam  economy  and  he: 
transfer. 

The  need  for  reducing  steam  consumption  led  to  the  developmei 
of  the  multiple-effect  system  in  which  the  vapour  produced  in  on 
evaporator  (or  effect)  is  caused  to  condense  in  the  calandria  of 
second,  and  so  forth.  In  order  to  maintain  a  temperature  different 
between  condensing  vapour  and  boiling  liquid  in  each  stage,  tl 
pressure  in  the  body  of  each  effect  must  be  lower  than  that  in  ti 
calandria.  Thus,  the  whole  series  of  effects  would  work  und« 
reduced  pressure  with  the  possible  exception  of  the  first. 

The  work  consumed  in  maintaining  this  vacuum  must  be  s* 
against  the  saving  in  steam.  It  would  appear  that  the  syste 
sketched  in  Fig.  31  should  evaporate  three  times  as  much  solven 
per  pound  of  steam  as  would  a  single  evaporator.  This  view  exclud- 
all  such  complications  as  heat  losses,  changes  in  latent  heat  wit 
pressure,  or  elavation  of  boiling  point  of  solutions.  In  practic* 
however,  it  might  be  found  that  three  effects  would  evapora 
twice  as  much  solvent  as  a  single  stage,  and  in  many  instances  thi 
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s  sufficient  to  warrant  the  provision  of  additional  effects.  It  is 
mportant  to  realize  that  while  multi-effect  work  improves  the  ratio 
)i  solvent  evaporated  per  pound  of  steam,  the  capacity  of  the  battery 
n  terms  of  solvent  evaporated  per  square  foot  of  heating  surface 
s  reduced. 

The  total  temperature  difference  available  for  heat-transfer 
jurposes  in  an  evaporator  is  that  existing  between  the  steam 
emperature  in  the  heating  coil  and  that  at  which  the  concentrated 
iquid  boils  under  the  pressure  in  the  evaporator  body.  Now,  with 
i  given  steam  supply  and  vacuum,  this  entire  temperature  difference 
s  available  in  single  effect,  but,  in  a  series  of  three  effects,  this 
ame  temperature  difference  must  be  distributed  between  them. 
?hus,  even  if  no  other  complications  arise,  the  triple-effect 
waporator  is  using  about  three  times  the  heating  surface  of  the 
ingle  -effect  when  evaporating  solvent  at  the  same  rate.  To 
ummarize  briefly,  and  very  approximately,  with  n  effects  in  series 
he  evaporation  per  pound  of  steam  and  the  surface  required  per 
>ound  of  evaporation,  are  both  n  times  the  figure  obtained  with  a 
ingle  evaporator  operating  with  the  same  heating  steam  and  vacuum. 

In  providing  a  multi-effect  evaporator,  for  any  practical  problem, 
uany  factors  combine  to  complicate  these  considerations,  but  the 
□flowing  are  the  more  important — 

(i)  Inevitable  heat  losses  from  the  apparatus,  together  with 
lcreases  in  latent  heat  with  decreasing  pressure,  make  it  substan- 
ially  impossible  for  a  condensing  vapour  to  evaporate  an  exactly 
qual  weight  of  liquid.  The  solution  entering  any  stage  of  the 
attery  cannot  be  at  the  boiling  temperature  of  that  stage,  and  so 
sensible-heat  term,  as  well  as  a  latent-heat  term,  is  involved. 

(ii)  It  is  a  fact  that  the  boiling  point  of  a  solution  is  often  con- 
.derably  in  excess  of  that  of  the  pure  solvent  at  the  same  pressure, 
'his  increase  in  boiling  point  is  peculiar  because  it  does  not  imply 
n  increase  in  the  latent  heat  of  the  vapour.  Consider,  for  example, 
'ater  boiling  under  atmospheric  pressure,  i.e.  at  212°F.  If  sufficient 
:)dium  chloride  as  would  saturate  the  water  were  then  added,  the 
fiution  would  boil  not  at  212°F,  but  at  about  227 °F.  But  the 
flution  would  still  be  boiling  under  atmospheric  pressure,  and 
Ithough  the  steam  rising  from  its  surface  would  be  superheated 
y  its  passage  through  the  hot  liquid,  it  would  behave  much  as 
.earn  at  one  atmosphere.  Now,  if  this  solution  were  being  heated 
y  steam  at  239  F,  the  available  temperature  difference  for  heat 
•ansfer  purposes  is  not  239°-212°,  but  239°-227°.  This  would  not 
3  a  serious  matter  m  multi-effect  working  if  the  vapour  behaved 
ke  vapour  saturated  at  227°,  but,  as  we  have  seen,  it  behaves  like 

irirr:  ed  at  V2  *  at  the  most>  superheated  to  227°. 
mfld  l  fh  mi  surface  of  a  succeeding  stage,  in  this  instance 

'oil  .  nlT  Vaf>0Ur  uondensin§  at  212°F,  and  the  elevation 
boiling  point  experienced  in  the  first  stage  is  “lost”  from  the 
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total  temperature  difference  available  for  heat  transfer.  This 
also  true  of  every  other  effect  in  the  battery  which  contains  solutii 
exhibiting  this  elevation  in  boiling  point,  so  that  the  inroads  mai 
into  the  total  temperature  difference  are  cumulative. 

(iii)  As  the  solution  becomes  more  concentrated  in  success! 
effects,  its  viscosity  and  density  increase.  This  in  turn  adverse, 
affects  the  heat  transfer,  so  that  the  overall  coefficients  obtain 
in  later  effects  are  generally  lower  by  comparison. 

Some  of  these  complications  are  reduced  by  rearranging  the  fb 
of  solution  through  successive  effects.  Considering  the  handli 
aspect  the  simplest  arrangement  is  to  pass  the  liquid  in  the  sai 
direction  as  the  vapours.  In  this  instance  successive  effects  operei 
under  less  pressure,  boil  at  lower  temperatures,  and  moreov 
contain  liquid  of  increasing  concentration.  It  is  possible,  howev 
to  reverse  the  direction  of  liquor  flow,  although  this  necessita^ 
transfer  pumps  between  stages.  This  arrangement  means  that  tl 
more  concentrated  solution  is  then  being  evaporated  at  the  high* 
temperature  and  its  viscosity  is  thus  reduced.  This  method  of  fe* 
is  not  always  feasible,  because  concentrated  solution  may 
discoloured  or  decomposed  at  high  temperatures. 

Evaporator  design  aims  at  solving  the  combined  problems 
materials  handling,  heat  economy,  and  heat  transfer.  Althou 
much  diversity  of  design  results  from  the  first  of  these,  perha 
the  greatest  advances  have  been  in  connexion  with  the  last.  T 
implementation  of  the  knowledge  that  heat  transfer  is  linked  w? 
motion  of  the  liquid  has  led  to  a  general  development  of  design. 

The  older  style  with  horizontal  or  vertical  tubes,  gradually  1 
to  the  standard  vertical-tube  evaporator,  in  which  the  cent 
downtake  in  the  heating  element  encouraged  circulation  in  tl 
contents.  This  in  turn  furthered  the  basket  type  of  heater,  in  whi 
an  annular  downtake  appears.  This  type  led  to  the  natural  c 
culation  and  long-tube  evaporators  in  which  the  boiling  liquid 
ejected  with  some  force  from  the  tubes  into  a  flash  head, 
offspring  is  the  forced  circulation  machine  in  which  heat  trans  i 
is  at  its  greatest. 

In  these  modern  forms  of  evaporator,  it  is  clear  that  the  essentl 
problems  of  heat  transfer  have  led  to  the  practice  of  a  sepan ; 
heating  bundle  or  calandria  and  a  flash  head,  in  place  of  the  s\  i 
merged  coils  or  tubes  in  the  large  vessel.  Further,  the  liqi 
content  of  these  newer  machines  is  very  much  less  than  those  of  tl 
older  machines. 

It  is  of  interest  that  almost  every  stage  of  evaporator  desi 
persists  in  the  chemical  industry.  In  many  processes  older  desig; 
are  perpetuated  because  they  provide  a  more  satisfactory  solutu 
to  the  handling  problem  than  do  some  newer  machines,  and  h« 
transfer  problems  are  then  proportionately  of  less  importance 
the  whole  problem  of  design. 


CHAPTER  IV 


Size  Reduction 

ost  of  the  unit  operations  carried  out  in  chemical  processes  are 
jpendent  upon  a  contact  area.  Either  energy,  or  matter,  or  both, 
isses  from  one  phase  to  another  across  the  mutual  interface.  A 
?ry  important  part  of  the  physical  requirements  of  such  an 
aeration  is  that  which  regulates  the  extent  of  this  mutual  surface. 
;  is  obvious  that  other  factors  remaining  steady,  any  simple 
rocess  of  this  sort,  be  it  physical  or  chemical,  will  be  controlled  in 
ite  by  the  area  of  interface  which  may  be  created  between  coll¬ 
ecting  phases.  In  practical  experience  the  rate  at  which  a  solid 
ssolves  in  a  solvent  or  reacts  with  a  liquid,  or  at  which  a  liquid 
raporates  into  a  gas,  increases  as  the  solid  or  liquid  is  subdivided, 
he  problem  of  size  reduction  is  thus  commonly  encountered  where 
»lids  enter  processes  or  even  when  liquids  or  gases  are  being 
•ocessed.  Also  size  reduction  is  sometimes  involved  at  the 
xmsumer  end”  of  a  production  chain,  that  is  to  say  in  preparing 
product  for  the  market,  rather  than  the  process. 

The  subject  falls  naturally  into  two  divisions  comprising  the 
oblems  of  size  reduction  of  solids  and  liquids  respectively. 
Ithough  the  basic  notions  are  common  to  both,  the  practical 
iplications  of  crushing  or  grinding  on  one  hand,  and  spray  or  mist 
rmation  on  the  other,  are  very  different. 

The  underlying  feature  of  all  size  reduction  is  the  physical  fact 
at  the  creation  of  new  surface  requires  the  consumption  of  energy, 
le  rate  at  which  this  energy  has  to  be  supplied  in  the  continuous 
oduction  of  surface  is  one  of  the  chief  concerns  of  the  engineer 
ced  with  a  size-reduction  problem  of  any  sort.  The  conditions 
volved  are  rather  complex  and  there  is  no  real  body  of  simple 
ndamental  knowledge  which  can  be  applied  to  evaluating  engineer- 
?  Problems.  However,  certain  basic  ideas  may  be  stated  here 
gether  with  the  difficulties  encountered  in  application, 
lhe  simplest  idea  of  a  crushing  process  considers  a  single  particle 
uch  is  then  subjected  to  a  sudden  blow  or  a  steady  pressure  such 

Mrs  and X8  'l  S°me ,Way-  7h?  fashion  in  which  ^is  fracture 
curs,  and  the  p  anes  along  winch  it  takes  place,  will  generally 

a  property  of  the  material  itself.  If  this  property  werf  known 
S  Id  aTn  y>, face  produced  by  the  fracture  could  be 

75 
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considerations  of  the  electrical  and  physical  state  of  the  crysl 
lattice/ 19)  and  some  experimental  confirmations  have  been  mac 
Now  these  surface  energies  are  generally  quite  small  (of  the  ord 
of  only  0-006  ft-lb/ft2  in  the  case  of  sodium  chloride  crystals  I 
example)  whereas  the  actual  energy  of  crushing  even  a  single  parti* 
is  some  400  times  as  great.  It  is  obvious  therefore,  that  energy 
being  consumed  in  some  other  way  than  merely  by  producing  n« 
surface,  if  relatively  low  tensile  strength  is  to  be  reconciled  wi 
extremely  low  crushing  efficiency.  A  little  thought  shows  some 
the  ways  in  which  this  energy  might  be  dissipated.  For  exam] 
the  particle  might  suffer  plastic  deformation  before  fracture  occu 
and  very  few  materials  are  ideally  brittle ;  such  deformation  1 
been  observed  to  result  in  a  type  of  “work-hardening”  in  soi 
instances,  so  that  the  crushing  strength  is  increased.  Also,  in 
ideal  case  of  fracture,  there  would  be  no  movement.  If  the  new 
formed  surfaces  are  pushed  over  each  other  as  the  mass  is  compress 
a  great  deal  of  energy  could  be  consumed  in  overcoming  the  fn 
tional  forces.  If  the  surfaces  are  at  all  irregular,  they  might  n« 
begin  to  grind  each  other  so  consuming  yet  more  energy,  and 
the  same  time  producing  a  fraction  of  fine  particles.  At  this  sts 
the  picture  of  a  simple  particle  being  ideally  fractured  to  prodi 
a  few  lesser-sized  but  similarly-shaped  ones,  must  be  abandon* 
If  the  crushing  is  continued  so  as  to  bring  about  a  large  reducti 
in  average  size,  the  result  will  be  a  collection  ol  particles,  ^ 
almost  every  size  less  than  that  of  the  original  one,  all  grindi 
each  other  and  sliding  over  each  other  as  they  are  more  and  m« 
compressed. 

It  may  be  appreciated  that  il,  instead  of  a  single  particle, 
collection  of  variously-sized  particles  were  taken  as  starting  po 
in  a  crushing  operation,  the  extent  to  which  energy  may  be  c« 
sumed  other  than  in  the  actual  production  of  new  surface  is  c« 
siderable.  Thus,  the  crushing  efficiency,  or  the  ratio  of  the  act 
energy  required  to  produce  one  unit  of  new  surface  to  that  predici 
by  fundamental  considerations  of  surface  energy,  is  quite  usua 
between  0-1  and  1-0  per  cent  for  simple  crystals  such  as  soffit 
chloride.  Prediction  of  the  actual  crushing  energy  from  theoreti 
treatments  of  surface  energy  is  thus  obviously  a  difficult  matt 
and  until  our  knowledge  of  the  complexities  involved  is  moie  ex  • 
sive,  the  engineer  is  forced  to  use  incomplete,  but  practically  test 
theories  of  crushing.  There  are  two  such  theories  which  are  betwe 
seventy  and  eighty  years  old  and  which  are  often  used  to  make 
best  of  a  bad  job,  by  allowing  the  engineer  to  predict  energy  c- 
sumptions  in  designing  crushing  equipment  from  previous  exp« 

ment  in  the  laboratory  or  in  the  plant. 

Both  of  these  theories  are  statements  of  the  relationships  bet w« 
the  energy  consumed  in  bringing  about  a  change  in  some  dimens. 
of  a  collection  of  particles,  and  the  mean  value  of  that  dimensi 
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iThis  may  be  put  in  differential  form  as — 


dE 


dL 


dE  _K_ 

i)r  dL  ~~  Ln 

vliere  E  =  energy  per  unit  volume  or  weight  of  the  particles, 

L  =  chosen  dimension  of  the  particles, 

K  =  constant  (the  negative  sign  showing  that  energy  is 
consumed,  not  evolved). 

The  distinction  between  the  various  theories  as  to  the  nature  of 
lie  energy-size  relationship  is  then  concerned  with  the  exponent 
m  L,  the  dimension  chosen  in  representing  “size.”  In  1867  von 
Ftittinger(20)  suggested  that  “the  energy  necessary  for  reduction  of 
particle  size  is  proportional  to  the  increase  of  surface.”  That  is  to 
fay  that  energy  consumption  is  proportional  to  the  square  of  the 
appropriate  dimension,  or — 

*  dE  -  K 

dL 


pus,  in  reducing  a  particle  of  size  Lv  to  others  of  size  L2 — 

E  =  -  K 


V 

L 


E  =  -  K 


E 


JL 


Now,  the  constant  K  will  be  chiefly  a  function  of  the  feed  material, 
lthough  its  size  and  past  history  may  have  some  bearing  upon  the 
►roblem.  At  any  rate,  von  Rittinger’s  Law,  if  it  applies,  will  enable 
is  to  use  existing  performance  data  to  find  K,  and  so  predict  the 
nergy  consumption  for  other  size  changes  brought  about  in  a  similar 
aachine.  It  is  necessary  to  make  this  latter  reservation  in  order 
hat  the  same  sort  of  crushing  action  is  used. 

An  alternative  suggestion  was  made  by  Kick'2**  in  1885,  namely 
that  the  energy  required  for  producing  analogous  changes  of  con- 
guration  of  geometrically  similar  bodies  of  equal  technological 
tate,  \anes  as  the  volumes  or  weights  of  the  bodies.”  This  may 

SETS?'-  meanmg  that  for  equal  weights  of  bodies  of  different 

le  tlmT  ’  the  S,a'ne  nt  of  energy  »  required  to  bring  about 
re  same  proportional  change  in  size.  Thus  to  reduce  a  1-in 

rticle  to  2-m.  requires  the  same  energy  per  unit  volume  or  weight 
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as  to  reduce  an  0-1-in.  particle  to  0-05-in.  In  the  general  expressic 
this  means  that  for  unit  weight  the  value  of  n  is  unity. 

mi  dE  __  _  K' 

Then  dL  L 

or,  to  reduce  Lx  to  L2 — 


or 


dE  =  -  K' 
E  =  -  A" 


^  dL 

—  =-  A 

l2 


loge  L 


log* 


L, 


By  this  means  also,  performance  data  may  be  used  in  arriving  at 
value  of  K  or  K'  useful  in  predicting  energy  consumption  in  machii 

crushing.  It  is  immediately  obvioi 
that  the  same  experimental  data  w 
yield  differing  results  in  a  desig 
problem,  according  to  whether  Kick 
or  von  Rittinger’s  Law  is  held  to  I 
true.  It  must  be  borne  in  mind  th; 
in  investigating  practical  cases  01 
is  always  dealing  with  quantities 
variously  sized  and  shaped  particl 
rather  than  uniform  ones,  and  the 
is  some  difficulty  in  deciding  whj 
should  be  taken  as  the  actu 
dimension  to  be  used  in  calculation 
This  is  a  matter  of  some  importanc 
but  if  this  be  shelved  for  the  inomen 
complications  in  the  energy-size  rel 
tions  still  arise. 

Suppose  an  experimental  crush 
or  grinder  is  operated  on  a  samp 


Fig.  32.  Probable  Energy 
Consumption  in  a  Grinding 
Experiment 


of  material  which  is  removed  at  intervals,  and  its  “size’’  determine 
by  some  means.  If  the  rate  of  energy  consumption  is  plott* 
against  this  size  on  logarithmic  ordinates,  the  result  should  1 
a  straight  line  with  a  slope  of  two  if  Rittinger’s  Law  applies  an 
of  one  if  Kick’s  is  true.  In  actual  fact  it  will  generally  be  found  tin 
the  line  is  in  fact  not  straight  but  somewhat  as  indicated  in  the  graj; 
of  Fig.  32. 

Particles  of  size  LD,  are  charged  to  the  mill  and  then  reduced  1 
continuous  grinding.  In  the  size  range  LD  to  Lc,  the  graph  is  almo» 
straight,  and  its  slope  is  approximately  one.  In  this  range  Kick 
Law  applies  and  the  value  of  A'  may  be  found  by  producing  C 
back  to  the  ordinate  at  L.  After  point  C  (or  size  Ar,).the  slope 
the  graph  continually  changes  as  in  the  section  BC.  In  this  si 
range  the  slope  will  be  found  to  be  about  two,  which  means  th 
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on  Rittinger’s  statement  of  conditions  is  more  nearly  true,  and 
he  constant  in  the  general  equation  may  also  be  found. 

In  grinding  one  material,  therefore,  experiment  shows  that 
lick’s  Law  applies  in  the  upper  size  ranges  and  that  after  a  certain 
egree  of  sub-division  is  reached  these  affairs  change  so  that  finally 
on  Rittinger’s  Law  is  obeyed.  It  is  generally  difficult  to  produce 
simple  formula  to  deal  with  the  intermediate  section  of  the  cuive, 
'C,  but  one  method  of  dealing  with  it  is  to  put  in  a  straight  line 
irough  the  section,  and  thus  to  find  a  value  of  n  and  K  which 
pproximately  represents  the  conditions  in  reducing  particles  of 
ze  Ij ]3  to  i/p.  " 

The  position  can  be  summarized  by  saying  that  generally  speaking 
iick’s  Law  applies  in  coarse  crushing  and  von  Rittinger's  Law  in 
ne  grinding,  although  it  must  be  realized  that  there  is  always 
mie  range  of  size  reduction  in  which  neither  simple  relationship 
olds.  It  might  be  supposed  that  in  coarse  crushing  the  energy 
[dually  used  in  breaking  the  particles  is  still  large  compared 
)  the  frictional  energy  consumed  in  overcoming  friction  between 
le  particles  as  the  mass  is  compressed.  As  size  reduction  proceeds, 
lis  lost  item  becomes  a  larger  part  of  the  total  energy  consumed 
id  so  Rittinger’s  Law  comes  to  apply.  In  any  case  until  the 
indamentals  of  this  important  and  ubiquitous  process  are  more 
early  stated,  the  intelligent  use  of  the  older  laws  in  interpreting 
'rformace  data,  imperfect  and  restricted  though  they  may  be, 
'ovides  the  engineer  with  a  partial  solution  of  the  problem. 

In  view  of  what  has  been  said,  it  is  not  surprising  that  the 
achines  available  for  crushing  solids  are  in  the  main  of  conventional 
‘sign.  The  answer  to  these  problems  has  been  found  by  hard 
:perience  in  the  absence  of  guiding  fundamental  theory,  and  in 
ie  majority  of  cases  it  is  difficult  to  imagine  any  other  answer, 
crusher  must  consist  of  the  mechanical  means  to  exert  a  steady 
•essure,  or  deal  a  sudden  blow,  upon  the  treated  material.  It  is 
the  implementation  of  this  design  that  individuality  in  the 
achines  arises.  However,  they  are  rather  conveniently  classified 
i  the  crushing  action  they  employ,  namely — 

{a)  intermittent  crushing, 

(6)  continuous  crushing, 

(c)  attrition  grinding, 

(d)  impact  pulverizing, 

(e)  tearing  and  disintegration. 


achines  Crushing  by  Means  oi  Intermittent  Pressure 

The  chief  among  these  are  the  so-called  “swing-jaw”  crushers 

nsistTa  T  “  aCti011  *°  a  P°wer  <Mven  nut-cracker,  and 
nsist  of  a  pair  of  heavy  jaws.  One  is  fixed  at  an  angle  to  the 

rtical,  and  the  other,  hinged  either  at  the  top  or  bottom,  is 
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driven  in  a  restricted  swing  action.  There  are  several  accept 
ways  of  transmitting  the  necessary  reciprocating  action  by  means;- 
a  pitman,  or  toggle  bars  but  the  only  distinctive  feature  is  t 
inclusion  of  a  shear-pin  designed  to  fail,  and  so  disconnect  t 
drive  if  a  piece  of  metal,  etc.,  should  jam  the  swinging  jaw.  T 
jaws  are  of  massive  cast  or  chilled  steel  construction,  but  are  fat 
with  serrated  plates,  attached  by  means  of  bolts  or  dowels.  T 
provision  for  renewal  of  the  grinding  faces  is  a  feature  of 
crushers.  The  liners  and  faces  are  made  from  an  abrasicj 
resisting  alloy  such  as  12  per  cent  manganese  steel. 

There  is  some  distiction  in  practice  between  top-suspend 
and  bottom-suspended  jaw  crushers,  which  can  be  appreciat 
from  the  sketches  of  the  two  actions  given  in  Fig.  33. 


Fig.  33.  Principle  of  the  Swing-jaw  Crusher 
(a)  Bottom  suspension.  (6)  Top  suspension. 

In  (a)  the  greatest  travel  is  at  the  top,  and  the  least  at  It 
bottom,  and  conversely  the  greatest  lorce  is  exerted  at  the  low 
end  and  the  least  at  the  upper  end  of  the  hinged  jaw.-  This  mea 
that  material  cannot  escape  from  the  crusher  as  the  jaw  swiri 
back,  unless  it  is  small  enough  to  fall  through  the  lower  gap. 
the  material  falls  down  the  triangular  gap  each  time  the  jaws  op< 
it  is  subjected  to  successive  pressures  of  increasing  force  as  tb 
close.  Thus,  this  type  of  machine  progressively  breaks  do - 
material  from  very  large  sizes  indeed,  and  yet,  discharges  prodi 
of  a  reasonably  regular  size.  On  the  other  hand,  some  materi 
proves  troublesome  in  these  machines,  if  the  smaller  sizes  tend 
coalesce  under  pressure,  and  so  jam  in  the  lower  end  of  the  machi 

This  defect  is  of  course  absent  from  the  top-hinged  jaw,  whii 
allows  the  contents  of  the  jaws  to  fall  freely  as  it  swings  ba 
This  tends  to  produce  a  rather  unevenly-sized  product,  for  uni 
the  swing  jaw  returns  very  rapidly,  the  contents  cannot  be  subject 
to  more  than  one  crushing. 

Some  later  adaptations  combine  the  features  ol  both  types 
using  a  flat  fixed  jaw,  and  a  segment  of  a  circle  as  the  moving  ja 
By  imparting  a  combined  circular  and  vertical  motion  to  this* 
can  be  caused  to  “roll”  along  an  imaginary  line  parallel  to  t 
face  of  the  fixed  jaw.  There  is  thus  always  a  fixed  clearance  bet  we 
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he  two  jaws,  and  yet  complete  freeing  of  crushed  material  in  the 
ipward  stroke,  while  the  jaws  are  charged  on  the  downward  one. 

A  similar  action  is  found  in  the  gyratory  machines  (Fig.  34), 
rhich  are  capable  of  dealing  with  greater  quantities  of  rather 
mailer  sized  feeds  than  the  jaw  crushers.  In  these  machines  a 
jeavy  steel  rotor  with  abrasion -resisting  sleeve,  in  the  shape  of  a 
one^  revolves  in  a  conical  shell  of  similar  construction.  The  shaft 
pon  which  the  rotor  rolls  freely  is  suspended  at  the  upper  encl 
u  a  universal  bearing,  and  its  lower  end  is 
uounted  eccentrically  in  the  driven  gear  at 
he  bottom  of  the  machine.  As  this  gear 
levolves  the  rotor  revolves  around  the  conical 
ase,  and  material  fed  into  the  top  falls  into 
he  enlarged  space  as  the  rotor  moves  away 
rom  the  shell,  and  is  crushed  as  the  two 
pproach.  The  material  settles  down  the 
learance  between  the  rotor  and  shell  until  it 
an  escape  through  the  clearance  between 
he  two. 

When  considering  any  crusher  of  this  kind 
1  relation  to  some  particular  problem,  three 
alient  features  must  be  noted,  all  of  which 
iepend  upon  the  state  of  the  feed  material. 

(i)  Its  action  must  be  suitable  for  crushing 
he  material  concerned,  for  not  all  substances  respond  to  this  slow, 
owerful,  squeezing  action,  especially  those  tending  to  soften  or  heat 
nder  stress. 

(ii)  When  the  rate  at  which  the  work  of  crushing  may  be  done  is 
etermined,  the  number  of  cycles  per  minute  are  fixed,  and  then 
le  face  area  and  gap  of  the  jaws  must  be  sufficient  to  handle  the 
squired  quantities.  At  the  same  time  the  angle  of  the  jaws  at  the 
ill-back  stroke  must  allow  the  largest  lumps  to  enter  the  jaws 

om  the  ,feed  hopper,  and  yet  allow  the  reduced  material  to  escape 
etore  it  becomes  under-sized. 

(iii)  The  reciprocating  drive  mechanism  must  be  capable  of 
:ansmitting  the  heavy  thrusts  required  to  crush  the  feed 

These  heavy  machines  are  generally  used  in  coarse  crushing 
nd  are  capable  of  dealing  with  lumps  measuring  from  6  in.  to  3  ft 
)  produce  a  product  with  dimensions  reduced  to  I  in.  to  6  in  The 
•ushing  laws  are  generally  in  line  with  that  predicted  by  Kick. 

tachines  Crushing  by  Means  of  Continuous  Pressure 

This  sort  of  crushing  action  is  not  very  different  from  the 
revmus  one,  except  that  the  pressure  is  continuous.  This  obvTousR 
■volves  some  sort  of  rotary  device  rather  than  a  reciprocating 

'shearing8 action°isIinvolved:.d  ^  a  8<lUeezin^  and  a  rubbing 


Fig.  34.  Principle 
of  the  Gyratory 
Crusher 
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The  most  common  instances  of  this  action  are  the  single  crushii 
rolls,  in  which  two  serrated  cylinders  of  cast  steel  rotate  towar 
each  other.  The  speed  and  the  gap  between  the  rolls  are  bo 
adjustable  so  that  the  quantity  and  size  of  material  to  be  handll 
are  to  a  certain  degree  flexible  in  any  machine.  The  action  of  t 
rolls  is  to  draw  large  particles  downwards,  at  the  same  time  exertii 
an  increasing  pressure  until  the  greatest  crushing  action  occurs 
the  “nip.”  From  the  sketch  (Fig.  35)  it  will  be  seen  that  und 


the  wrong  conditions  a  particle  could  be  expelled  from  the  ro- 
rather  than  drawn  in,  and  the  material  would  tend  to  ride  upon  t 
rolls. 

Imagine  a  pair  of  rolls  of  diameter  D  which  have  to  cope  wi 
feed  particles  of  maximum  dimension  L1  and  produce  a  product 
maximum  dimension  L2.  If  a  constant  head  of  feed  material 
retained  between  the  guard  plates  G,  the  conditions  might 
represented  as  in  the  sketch  (Fig.  35). 

Consider  the  forces  acting  on  a  particle  of  feed,  centre  A,  situat 
as  shown.  Its  weight  and  the  weight  of  other  particles  restiu 
upon  it  give  rise  to  a  reaction  R  at  the  point  of  contact  with  ea 
roll,  and  this  reaction  may  be  resolved  into  a  horizontal  compone 
b,  and  a  vertical  one  a.  Now,  with  the  line  joining  the  centre  oft 
feed  particle  to  the  centre  of  one  roll  at  an  angle  0  to  t 
horizontal — 

a  =  R  sin  0 
b  =  R  cos  0 

Also,  the  friction  between  the  roll  and  the  particle  will  cause 
tangential  tractive  force  T  to  act,  and,  when  the  coefficient 
friction  between  the  two  surfaces  is  ^ — 

T  =  juR 
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^ow  T  may  also  be  resolved  into  a  horizontal  component  d,  and  a 
ertical  one  c. 

In  order  that  the  particle  may  be  drawn  down  between  the  rolls, 
must  be  greater  than  a,  or — 

ince  c  =  T  cos  0  =  [iH  cos  0 

[iH  cos  (J  >  R  sin  0 

r  fi  >  tan  0 

’hus,  the  tangent  of  the  angle  between  the  horizontal  and  the  line 
lining  the  centres  of  the  feed  particle  and  the  roll,  must  be  less 
han  the  coefficient  of  friction.  Experience  shows  that  the  angle 
should  be  about  15°,  to  avoid  feed  material  “riding"  on  the  rolls 
lthough  it  should  be  determined  in  individual  cases. 

Secondly,  this  structure  enables  the  engineer  to  draw  certain 
onclusions  regarding  the  proportions  of  the  rolls. 


For  obviously 


cos  0 


D  +  % 
£ 


=  0-97  when  0  =  15° 


Thus  with  any  given  roll  diameter,  there  is  a  fixed  relationship 
?tween  the  size  which  will  feed  properly,  and  the  “nip”  at  which 
le  lolls  are  set.  Or,  alternatively,  when  the  feeds  and  product 
ze  are  fixed,  the  roll  diameter  may  be  calculated.  The  handling 
ipacity  of  a  set  of  rolls  is  dependent  upon  the  gap  between  them 
leir  length  and  their  speed  of  rotation.  A  set  of  rolls  of  length 
ft,  diameter  1)  ft  and  gap  I)2  ft  thus  produces  a  “stream”  of 

laterial  of  cross-section  LI  I,  ft2  at  a  speed  of  77  (d  +  ft/min 

hen  rotating  at  N  r.p.m.  If  the  density  of  the  product  is  p  lb/ft.3 
ie  material  handled  by  the  rolls  is  equal  to 


ttLDc 


D+  2 

p 


X  60 


lb/hr 


nlStrucetedenerally  SetS  °f  two’  but  "^ti-roll  units  are 

ndCthe  mater, f  1“^°"’  ,^Pled  with  a  distinctive  means  of 
oli  6  mdteild1’  1S  applied  in  a  disc  crusher.  In  this  machine 
a  pair  of  saucer-shaped  discs  with  hardened  rims  is  mounted 
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on  the  end  of  a  shaft,  as  shown  in  the  sketch  (Eig.  30).  One  sha 
is  hollow  and  the  other  is  mounted  in  it  not  quite  axially,  so  th 
the  discs  are  nearer  to  each  other  on  one  side  than  on  the  othc 
This  whole  assembly  is  then  mounted  in  a  casing,  the  shaft  eni 
fitted  with  driving  pulleys,  and  a  means  provided  for  introducii 
solid  material  into  the  space  between  the  two  discs.  When  t 
discs  are  driven  round,  the  material  so  introduced  will  be  fhn 
to  the  edges  centrifugally,  and  the  large  ones  will  become  wedg^ 
in  the  space  between  them.  As  the  discs  turn  and  their  edg. 
approach,  such  a  particle  will  be  steadily  crushed  and  the  sm; 

product  flung  out  of  the  discs  to 
caught  in  and  removed  from  ti 
casing. 

In  modern  machines  the  out 
hollow  shaft  is  fitted  with  ; 
ordinary  pulley  and  the  projectii 
end  of  the  inner  shaft  is  fitted  wi 
a  pulley  with  an  eccentric  bo 
supported  in  a  sleeve -bearing  bolt! 
to  the  frame.  If  the  eccentric  pull 
remains  still  while  the  hollow  sho 
is  rotated,  the  nip  remains  at  one  point  relative  to  the  casing  ai 
there  is  thus  only  one  crushing  action  per  cycle.  If,  howev* 
both  pulleys  are  driven  at  the  same  speed,  but  in  opposi 
directions,  two  crushing  strokes  occur  in  every  cycle.  Tho 
horizontal  disc  crushers  are  made  in  sizes  ranging  from  18  in. 
48  in.  in  disc  diameter  and  they  handle  feed  from  1^  in.  to  7 . 
maximum  size  to  give  products  ranging  from  \  in.  to  H  in.  A  simL 
machine  in  vertical  design  is  also  available,  and  is  generally  used 
produce  a  rather  finer  product.  Disc  crushers  in  general  are  usei 
in  dealing  with  moderate  quantities  of  material  in  the  intermedia 
size  range. 

Machines  using  Attrition  to  Effect  Grinding 

Some  of  the  oldest  grinding  machinery  known  falls  within  1 1 
group,  all  the  devices  of  antiquity  in  which  a  stone  was  caus 
to  rub  upon  another  being  of  this  type.  In  present  day  piacti 
the  available  machines  with  attrition  actions  fall  into  two  class; 
(i)  centrifugal  mills,  and  (ii)  ball  mills,  etc.  It  might  be  expect 
that  the  use  of  attrition  would  result  in  fine  products  and  th« 
machines  are  all  most  successfully  employed  as  fine  grinders. 

Centrifugal  Mills.  This  term  properly  describes  a  mill  in  wh 
centrifugal  force  is  made  to  force  the  crushing  surface  upon  a  wearn 
ring  or  anvil,  the  material  to  be  reduced  being  held  between  the  t 
surfaces.  In  some  designs  the  wearing  ring,  which  has  a  concffi 
face,  is  placed  horizontally  in  the  casing,  and  a  vertical  driving  sh 
projects  above  it.  At  its  upper  end  this  shaft  carries  a  spidei 


Fig.  36.  Principle  of  the 
Horizontal  Disc  Crusher 
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U  diameter  than  the  ring,  with  four  or  more  »ims.  At  the  end  of 
ich  arm  is  another  freely-pivoted  arm  carrying  a  roller.  Each 
idler  is  free  to  rotate  upon  the  arm,  and  its  shape  and  position  is 
ich  that  it  fits  the  wearing  ring  when  swung  out.  When  stationery, 
lie  rollers  fall  clear  of  the  wearing  ring,  but  when  the  shaft  rotates 
lie  rollers  are  forced  into  the  ring  by  centrifugal  force.  An  altei na¬ 
ive  arrangement  replaces  the  rollers  by  suita bly-sized  balls,  which 
•e  pushed  round  the  ring  by  a  spider  set  at  the  same  level.  Wlien 
ie  pusher  is  stationary,  or  moving  at  slow  speeds,  the  balls  roll 
a  lower  inner  track,  out  of  which  they  climb  as  their  speed 
creases. 

In  all  machines,  however,  the  pressure  is  maintained  by  centri- 
igal  force  rather  than  by  mechanical  links  or  thrusts,  so  that  the 
up  in  the  wearing  surfaces  is  readily  accommodated  to  irregularities 
the  size  of  particles.  At  the  same  time,  the  actual  crushing  area 
1  comparatively  small,  and  it  is  important  that  the  material  being 
"ound  should  be  correctly  placed  in  the  machine.  In  these  mills 
us  is  secured  by  the  introduction  of  a  novel  feature,  a  stream  of  air 
\  act  as  a  classifying  medium.  If  the  design  of  the  casing  is  such 
at  the  greatest  cross-section  is  found  in  the  region  of  the  crushing 
?ne,  the  air  velocity  can  be  so  arranged  that  particles  are  lifted 
pm  this  zone  only  when  they  reach  a  certain  minimum  diameter, 
i Once  entrained  in  the  air  stream,  they  will  not  generally  fall 
Lck,  as  the  velocity  increases  above  the  ring.  On  the  other  hand, 
rger  particles  will  fall  into  the  base  of  the  casing,  where  those 
>t  too  large  or  heavy  will  be  carried  upwards  again,  while  seriously 
ersize  particles  will  remain  in  the  bottom.  Thus,  although  the 
?d  material  may  be  fed  into  the  general  position  of  the  crushing 
ne,  it  is  in  fact  maintained  there  in  an  air  stream,  until  it  is  small 
ougli  to  be  swept  out  of  the  mill,  where  it  is  removed  from  the 
r  stream  by  means  of  a  cyclone  or  bag  filter.  The  additional 
>wer  consumed  in  providing  this  air  stream  is  not  negligible,  but 
must  be  remembered  that  its  use  is  instrumental  in  producing  a 
.ed  pioduct,  and  so  must  be  set  against  the  possible  need  for  some 
her  classifying  device. 

From  this  description  it  may  be  imagined  that  centrifugal  mills 
e  not  suitable  for  dealing  with  large  feed,  but  are  particularly 

etui  for  producing  large  quantities  of  fine  material  from  a  feed  of 
3derate  size. 

Bali,  Mills.  The  ball  mill,  pebble  mill  and  tube  mill  are  all 
mlar  grinders  (in  the  simple  types  at  least)  and  consist  simply 
a  smooth  rotating  cylinder  which  is  loaded  with  an  impacting 
dmm,  such  as  spheres  or  cylinders.  The  lining  of  the  mill  as  well 
the  balls  may  be  of  any  suitable  material.  The  grinding  action 
a  rather  complex  combination  of  attrition  and  impacting 
leciallv  d  the  mill  is  driven  fast  enough  for  the  balls  to  becarried 
e  Way  "P  the  SKle  ^fore  falling  back  on  to  the  grinding  mass 
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This  latter  tendency  can  be  carried  to  excess,  for  it  is  possible  foj 
mill  to  rotate  at  such  a  speed  that  the  charge  is  forced  against  tl 
side  so  firmly  by  centrifugal  force  that  no  grinding  takes  pla«, 
This  critical  speed,  as  it  is  called,  of  the  mill  is  reached  when  tl 
heaviest  particle  in  the  contents  is  prevented  from  falling  from  tl 
top  of  the  cycle. 

If  the  mass  of  this  is  11;  and  it  is  at  a  distance  r  ft  from  the  cem 
of  rotation,  the  critical  speed  is  that  at  which  the  gravitatioi 
force  on  the  particle  Wg  is  equalled  by  the  centrifugal  force  F. 

\Vv 2 

Now  F  — - where  v  =  peripheral  velocity,  in  ft/sec 

T 

W^tttNY 
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or  =  W47T2rN2  when  mill  revolves  at  N  rev/sec 

Therefore,  the  critical  speed  of  revolution  is  reached  when — 


N  = 


27t  V  r  vV 


The  heaviest  particle  in  the  mill  charge  will  ordinarily  be  one 
the  balls,  and  so  the  critical  speed  may  be  found  for  a  given  radl 
and  ball  weight. 

When,  in  a  mill  of  this  sort,  the  charge  of  balls  has  been  in  u 
for  any  time,  they  will  range  in  size  from  that  of  a  new  ball  do~ 
to  the  size  at  which  it  can  escape  from  the  mill  with  the  produ  i 
This  makes  for  even  more  intense  grinding  action,  and  one  type 
ball  mill  (the  Hardinge)  takes  advantage  of  this  feature.  This  m 
has  a  portion  of  its  body  formed  as  a  truncated  cone  with  the  liarr- 
end  as  outlet.  When  the  mill  rotates,  the  larger  balls  and  fe< 
particles  are  concentrated  in  the  cylindrical  portion,  while  the  small 
ones  are  found  at  points  of  smaller  diameter,  the  smallest  being 
the  outlet.  This  grading  of  grinding  load  makes  this  type  of  n 
very  suitable  for  continuous  operation,  the  narrow  outlet  end  tb 
being  fitted  with  a  sieve  or  cage  to  prevent  balls  escaping. 

A  ball  mill  is  usually  fairly  short,  about  one  or  one-and-a-h 
diameters  long,  but  a  tube  mill  is  two  or  three  times  as  long 
proportion,  and  is  capable  of  rather  liner  grinding.  The  rod  mil 
a  similar  machine,  in  which,  however,  the  ball  load  is  replaced 
rods.  When  these  are  longer  than  the  mill  diameter,  so  that  tl 
cannot  turn  over,  they  produce  a  very  regular  product.  Also,  H 
rod  mill  is  suitable  for  use  with  materials  which  tend  to  sticky 
clog,  for  the  greater  weight  of  the  rods  causes  them  to  break  i 
in  conditions  in  which  balls  become  cemented  together. 

It  must  be  emphasized  once  more  that  these  machines  are  grind  i 
rather  than  crushers,  and  so  process  small  feeds  to  produce  ni 
products.  They  are,  however,  distinct  in  one  feature,  that  they  - 
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,e  only  grinders  which  will  effect  size  reduction  of  wet  materia 
ball  or  tube  mill  will  grind  efficiently  when  the  contents  are  wetted 
the  consistency  of  a  thin  slurry,  and  dispersions,  extracts  or 
lutions  are  often  prepared  in  this  way.  Also,  the  use  of  hydraulic 
se-separating  devices  sometimes  makes  it  convenient  to  handle  all 
e  material  flows  in  the  form  of  slurries.  The  simplicity  of  these 
ills,  together  with  the  ease  with  which  they  are  operated  make 
eni  a  very  suitable  choice  for  chemical  works  practice. 


achines  Producing  Size  Reduction  by  Means  of  Blows 

The  important  modern  representatives  of  this  class  are  the 
immer  mills,  or  swing-hammer  crushers.  Although  there  are  very 
any  variations  in  detail,  the  essential  features  are  a  loughly 
'liiidrical  horizontal  casing  containing  a  horizontal  shaft  filled 
ith  discs,  and  several  swing  hammers.  These  hammers  are  narrow 
ctangular  bars,  pivoted  on  pins  passing  through  the  discs.  As 
e  shaft  rotates  at  a  speed  sufficient  to  hold  the  hammers  in  a 
dial  position,  the  feed  material  is  broken  by  being  hammered 
ound  the  casing.  The  upper  part  of  the  casing  is  in  some  cases 
ade  of  rugged  construction  so  as  to  act  as  a  breaker  plate  against 
iich  the  material  is  smashed.  The  lower  part  of  the  casing  con¬ 
its  of  replaceable  rectangular  or  triangular  bars  to  act  as  a  screen 
tlet  through  which  the  product  may  escape.  The  position  of  the 
3d  hopper  varies  in  different  designs,  the  material  being  fed  under 
e  hammers  in  some,  while  caused  to  fall  vertically  upon  them  in 
hers.  The  method  of  feeding  will  have  some  effect  upon  the  main 
tion  of  the  mill,  top  feed  giving  emphasis  to  a  hammering  action 
the  breaker  plate,  and  under  feed  stressing  breaking  on  the  screen 
rs  and  rapid  removal  from  the  mill  of  reduced  material,  only  the 
stinate  particles  being  recycled.  The  method  of  feeding  to  a 
ing-hammer  crusher  is  just  as  important,  for  if  it  is  not  fed 
*ularly  and  evenly,  the  free  space  necessary  for  the  proper 
nctioning  of  the  hammers  is  reduced  and  as  the  grinding  effi- 
mcy  falls,  the  mill  rapidly  becomes  choked.  Many  machines  have 
e  casing  constructed  in  two  parts  so  that  the  lower  hinged  section 
iy  be  opened  to  relieve  jams  caused  by  irregular  feeding,  or  the 
llection  of  ungrindable  matter. 

A  further  type  of  impact  crusher,  little  used  nowadays,  is  the 
imp  mill.  This  consists  of  a  vertical  frame  carrying  several  heavy 
op  hammers  which  are  raised  by  a  trip  gear,  and  allowed  to  fall 
•on  the  material  passing  across  the  anvil.  This  action  is  of 
aited  application,  but  still  finds  a  use  in  crushing  materials  which 
id  to  become  sticky  as,  for  example,  oil-bearing  seeds. 


ichines  Grinding  by  Means  of  a  Tearing  Action 

This  is  another  instance  of  a  small  class  of  machines  whose 
efulness  is  that  they  deal  with  materials  too  soft,  or  too  fibrous, 

4— (T.653) 
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to  be  dealt  with  in  normal  actions.  A  typical  machine  is  the  ca 
disintegrator,  in  which  a  vertical  disc  carries  short,  horizontal  rc< 
so  placed  as  to  mesh  with  similar  rods  secured  to  the  housing,  or 
a  similar  disc.  When  the  disc,  or  discs,  are  driven  and  the  matei 
fed  from  above  into  this  rotating  cage,  it  is  torn  and  shredded  w 
a  minimum  of  actual  grinding  action.  The  reduction  or  disinteg; 
tion  of  roots,  or  leather  scraps,  for  example,  is  accomplished 
this  sort  of  machine. 

GENERAL  CHOICE  OF  A  CRUSHER 

Faced  with  this  multiplicity  of  machines,  all  designed  to  effect 
reduction  in  size  of  solid  materials,  it  is  sometimes  difficult  to  g 
a  decision  in  favour  of  one  type  for  use  in  any  problem.  It  is  the 
fore  not  out  of  place  to  give  a  working  outline  upon  which  sucl 
choice  may  be  made.  In  general  the  question  resolves  itself  ii 
the  consideration  of  four  groups  of  factors — 

(a)  the  special  suitabilit}7  of  the  grinding  action  to  the  matei 

and  the  character  of  the  product  desired, 

(b)  the  probable  power  consumption, 

(c)  the  probable  cost  of  maintenance, 

( d )  the  initial  cost. 

The  first  section  (a)  will  be  of  prime  importance,  but  the  role 
( b )  and  (c)  in  controlling  operating  cost,  as  against  ( d )  the  fr 
cost,  will  enable  a  valid  choice  to  be  made  between  alternati 
answers  to  (a). 

Jaw  or  gyratory  crushers  are  usually  first  choice  for  deal 
with  any  free-breaking  material,  especially  when  coarse  grind 
is  required.  It  is  good  practice  to  limit  the  ratio  of  reduction 
six  to  one.  These  crushers  do  not  efficiently  produce  material 
much  less  than  J-in.  size. 

Gear  driven  rolls,  either  smooth  or  fitted  with  corrugated 
toothed  shells,  are  specially  useful  for  producing  material  as  I 
as  ^  in.  They  are  also  much  more  suitable  than  the  reciprocal’ 
machines  in  processing  materials  which  tend  to  clog  or  compr- 
The  chief  disadvantage  of  rolls  is  that  they  should  not  be  made* 
bring  about  a  reduction  of  more  than  four  to  one. 

The  disc  crushers  on  the  other  hand  will  handle  hard  mater 
that  are  not  satisfactory  in  rolls  because  of  resulting  damage  to 
surfaces.  Also  reductions  of  five  or  six  to  one  are  possible,  & 
the  wear  of  the  surfaces  is  so  regular  as  to  result  in  a  very  const 
product. 

The  impact  crushers  are  particularly  useful  for  reducing  the  j 
friable  and  abrasive  materials  such  as  phosphate  rock,  shale 
asbestos.  The  disadvantage  of  the  impact  action  is  that  a  f 
particle  is  caused  to  explode  into  several  smaller  ones  at  one  bl¬ 
and  a  large  (and  unpredictable)  amount  of  fines  result. 
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The  power  consumption  is  again  a  function  of  the  material  and 
le  crushing  action,  and  while  the  first  part  can  only  be  fixed 
om  experience  or  experiment,  the  second  part  is  the  friction  load 
'  the  mill  itself,  and  some  machines  are  better  than  others  in  this 
ispect.  First  of  all,  reciprocating  intermittent  action  is  less 
ficient  than  a  balanced  rotary  one  and  spasmodic  feed  is  more 
asteful  than  a  regular  one.  First  cost  is  also  a  factor  about  which 
is  not  safe  to  speculate,  and  current  prices  must  be  consulted  to 
dicate  the  index  of  comparison. 

Maintenance  costs  are  difficult  to  assess  but  certain  features  of 
fesign  may  be  discerned  as  bearing  on  the  matter.  The  hardness 
the  material  being  crushed  is  itself  a  factor  but  not  such  an 
lportant  one  as  might  be  expected.  Contributary  items  are  the 
tnount  of  shifting  in  the  granular  mass  being  crushed,  and  the 
lative  movement  of  this  mass  and  the  crushing  surfaces. 

The  spreading  of  the  material  under  pressure  is  very  pronounced 
reciprocating  machines  such  as  jaw  or  gyratory  crushers,  where 
ie  compacting  is  of  the  order  of  fifteen  or  twenty  times,  and  this  is 
>ne  in  stages,  as  the  mass  shifts  down  the  jaw-gap. 

In  rolls,  the  thickness  of  the  mass  is  reduced  in  one  sweep  and 
is  less  violent  process  produces  less  abrasive  wear  and  tear.  On 
e  other  hand,  lack  of  gripping  power  prolongs  abrasion  and,  as 
dicated  on  pp.  82  and  83,  the  result  of  an  unfavourable  coefficient 
i  friction  or  of  an  oversize  particle  will  be  that  such  a  particle 
11  ride  on  the  rolls  until  they  are  worn  down. 

However,  crushers  suffer  from  a  particular  disadvantage,  in 
at  their  very  action  produces  conditions  in  which  a  terrific 
lount  of  scouring  abrasion  takes  place,  and  the  casing,  rotor  and 
mmers  all  suffer  marked  wear. 

This  survey  of  grinding  and  crushing  machinery  for  the  reduction 
size  of  solids  was  prefaced  by  the  statement  that  the  necessity 
increase  the  exposed  surface  of  reacting  phases  was  a  very 
neral  one.  In  certain  processes  it  is  just  as  important  to  bring 
•out  subdivision  in  liquids,  when  they  are  to  be  brought  into 
timate  contact  with  gases. 


SIZE  REDUCTION  OF  LIQUIDS 

le  fundamentals  involved  in  the  size  reduction  of  liquids  are 
irly  simple.  It  has  been  shown<22>  that  a  cylinder  of  liquid  in 
.i°n  18  unstable,  and  so  may  rapidly  break  down  into  drops 
ns  generally  occurs  in  such  a  way  as  to  produce  two  size  groups 

nrln  d!0ps  *h.e.firf  result  of  rupture  in  the  moving  stream  is  the 
oduction  of  fairly  large  pieces  still  attached  to  the  main  jet  by  a 

ane  thl6  cnn  AS  r  °  PK,mary  pl,ece  be8ins  to  round  off  to  a  spherical 
P  ’, the  connecting  filament  breaks  down  to  form  several  smaller 

f  frnPSt-  A  S!ream„°f1  li(plid  may  thus  be  caused  to  break 
into  a  collection  of  small  drops,  when  it  is  made  to  flow  from 
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an  orifice  as  a  thin  jet  or  even  as  a  fiat  sheet.  It  is  important  ti 
the  droplets  when  formed  are  then  dispersed  so  that  re-growth  i 
drops  by  collision  shall  be  minimized.  This  can  be  effected  by  givi 
*a  desirable  diverging  trajectory  to  the  stream  by  adjusting  1 
angle  of  the  orifice,  or  by  effecting  immediate  separation  of  1 
drops  by  introducing  the  contacting  phase  in  large  quantiti 
This  latter  method  is  especially  suitable  when  the  second  phast< 
a  gas,  while  the  former  may  be  needed  when  it  is  a  liquid. 

The  energy  consumed  in  producing  drops  of  liquid  is  used  in  tl 
different  directions.  Firstly,  energy  is  required  to  produce  the  n 
surface,  and  this  is  simply  the  surface  tension  existing  at  i 
interface  between  the  two  fluids,  multiplied  by  the  interface  creatl 
(Water  has  a  value  of  5-0  X  10-3  lb  force/ft  at  20°C  when  be] 
dispersed  in  air,  and  of  24  x  10“3  lb  force/ft  in  benzene.)  Second 
the  rate  at  which  drop  formation  takes  place  is  very  great,  so  tl 
the  work  of  deformation  against  viscous  forces  may  be  consideratl 
Now  in  an  ordinary  jet  spray,  in  which  the  streams  of  liquid  brt 
up  because  of  their  instability,  both  the  energy  requirements  m  i 
be  stored  in  the  liquid  stream,  so  that  this  must  emerge  from  i 
nozzle  at  a  considerable  pressure,  and  the  efficiency  with  wh 
the  jet  can  be  caused  to  leave  the  nozzle  must  also  be  reckon 
with  in  assessing  power  requirements. 

An  unstable  stream  of  liquid  may  be  produced  in  more  than  c 
way  and  the  features  of  four  simple  types  of  pressure  spray  noz 
will  be  described. 

(а)  A  single  jet  may  be  shattered  by  collision  with  a  shaj 
target  held  before  the  nozzle  in  a  yoke,  or  two  jets  are  so  inclir 
as  to  collide  some  short  distance  before  the  nozzles.  The  imp 
brings  about  rapid  subdivision,  but  the  efficiency  is  low  beca 
of  the  kinetic  energy  loss  at  the  actual  impact. 

(б)  A  nozzle  with  an  orifice  shaped  as  a  divergent  slit  can  ca 
liquid  to  issue  as  a  thin  sheet  in  the  rough  shape  of  a  fan.  Tl 
will  break  down  into  discrete  drops  it  the  jet  is  sufficien 
pressurized.  This  arrangement  is  particularly  good  in  pie\ent 
re -growth  by  collision  as  the  particles  tend  to  disperse,  but 
edges  of  the  fan  tend  to  produce  rather  large  ragged  drops.  Thi 
especially  noticeable  when  there  is  turbulence  in  the  continu- 
fluid  phase,  the  sheet  of  liquid  tending  to  flap  at  the  edges. 

(c)  Alternatively,  the  jet  of  liquid  may  be  caused  to  issue  li¬ 
the  nozzle  in  the  form  of  a  thin- walled,  hollow  cone.  The  ar> 
of  this  cone  is  in  some  measure  controlled  by  the  inclusion  o* 
short  spiral  section  in  the  approach  to  the  nozzle  outlet.  A  lo* 
pitch  spiral  produces  small-angle  conical  sprays,  while  a  short-pi. 
encourages  a  flat,  large  angle.  In  some  problems  it  is  conside 
good  practice,  to  produce  a  solid  cone  of  liquid  drops  rather  tha 
hollow  one,  especially  where  dense  wetting  is  desired  as  is  the  c. 
when  a  liquid  is  being  distributed  over  a  solid  rather  than  dispel 
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another  fluid.  This  is  effected  by  a  modification  of  spray  design 
which  an  internal  channel  allows  liquid  to  be  fed  to  a  central 
gle  orifice  situated  within  the  nozzle,  but  on  top  of  the  spiral 
-tion.  The  single  jet  of  liquid  this  produces  is  then  thrust  into 
>  centre  of  the  cone  of  liquid  at  the  nozzle  tip.  The  drop  form- 
on  is  largely  due  to  this  collision  in  the  nozzle  and  it  is 
ticeable  in  operation  that  the  liquid  leaves  the  nozzle  as  drops 
her  than  as  a  continuous  sheet  which  then  breaks  up  into  drops,  as 
:he  case  in  the  hollow-cone  nozzle.  It  is  quite  possible  to  feed  a 
ond  liquid  to  the  axial  nozzle,  and  so  produce  intimate  mixing 
ore  dispersion  in  a  third  continuous  phase. 

d)  The  limitation  to  all  pressure  nozzles  is  that  the  energy 
ich  may  be  stored  in  an  incompressible  fluid  such  as  a  liquid 
so  small  that  very  high  pressures  have  to  be  used  to  produce 
s  capable  of  breaking  up  with  a  great  increase  of  surface. 

?or  instance,  at  a  pressure  of  p  lb/in.2,  a  liquid  with  a  specific 
lime  of  v  ft3/lb  stores  only  144 pv  ft-lb/lb,  which  for  water  at 
linary  temperatures  amounts  to  2-3 p  ft-lb/lb.  This  means  that 
)rder  that  a  pound  of  liquid  shall  store  as  much  energy  as  a  pound 
tny  gas,  it  will  have  to  be  at  something  like  200  times  the  pressure, 
t  is  thus  often  more  practicable  when  a  liquid  is  to  be  dispersed 
a  gas  to  produce  drops  from  the  liquid  by  atomization.  The 
rgy  of  the  process  is  stored  in  the  gas  phase,  which  is  caused  to 
r  the  liquid  into  threads  which,  becoming  less  and  less  stable, 
dly  produce  drops.  The  liquid  may  be  forced  into  the  nozzle, 

3 veil  dragged  in  by  the  inducing  action  of  the  gas  stream.  The 
tures  of  this  action  are  on  the  one  hand  the  production  of  very 
ill  drops  without  the  use  of  extremely  high  pressure,  and  on  the 
er  low  efficiency  in  the  atomizer. 

his  sort  of  construction  is  particularly  well  developed  in  fuel- 
burners,  with  either  air  or  steam  atomization,  and  this  is  of 
rse  a  particular  instance  of  the  general  case  where  a  reaction  is 
do  brought  about  between  a  liquid  and  a  gas. 

dl  these  nozzles  are  fairly  simple  in  construction,  and  so  are 
veniently  made  in  all  the  more  usual  materials  of  construction. 

5  maintenance  costs  and  first  costs  of  nozzles  are  small.  In  fact 
whole  position  is  quite  different  from  that  arising  when  solids 
to  be  subdivided.  But  the  reason  for  the  operation  remains 
same,  namely  to  reduce  the  size  of  one  or  all  of  the  contacting 

ses  in  a  process,  so  that  the  interfacial  area  common  to  these 
ses  may  be  increased. 


CHAPTER  V 


Mixing 

This  unit  operation  is  very  closely  related  to  the  previous  one 
practice,  and  in  many  conventional  items  of  plant  it  is,  in  fa 
impossible  to  separate  the  two  aspects  of  its  operation.  It  has  bt 
seen  how  subdivision,  or  increase  of  surface,  is  a  necessary  part 
many  physico-chemical  processes,  and  it  can  be  further  suppot 
that  the  efficient  contacting  of  these  surfaces  is  also  an  imports 
matter.  It  is  often  true  that  a  particularly  efficient  mixing  act 
is  in  part  acting  as  a  means  for  providing  new  surface,  as  well 
causing  the  surface  so  created  to  be  contacted.  This  would  ai 
in  a  mixer  contacting  two  immiscible  liquids,  and  the  action 
such  a  machine  is  really  to  subdivide  the  liquids,  and  then  circul 
the  system  so  created.  In  other  cases,  however,  the  pure  contact 
function  of  mixing  may  be  discussed,  as,  for  example,  when  a  groi 

solid  is  to  be  mixed  into  a  liquid. 

Circumstances  may  arise  in  any  unit  of  a  process  such  that  «. 
combination  of  fluid  or  solid  phases  have  to  be  contacted.  Ti 
means  that  the  following  mixing  problems  may  arise.  They  h: 
been  arranged  in  order  of  difficulty  for  the  purpose  of  this  survey! 

(i)  Gas  with  gas 

(ii)  Liquid  with  liquid 

(iii)  Solid  with  liquid 

(iv)  Solid  with  solid 

(v)  Gas  with  liquid 

(vi)  Gas  with  solid 

(vii)  Gas  with  solid  and  liquid 

GAS  WITH  GAS 

There  is  of  course  no  real  problem  in  mixing  two  gases  for  they  ‘ 
disperse  in  each  other  by  diffusion.  Any  reasonable  amount 
turbulence  will  serve  to  bring  about  dispersion  very  rapidly,  = 
the  apparatus  used  to  mix  gases  is  consequently  of  the  type  kru 
as  flow  mixers.  These  range  in  design  from  simple  lengths  oi  p 
into  which  the  gas  streams  are  introduced,  to  baffled  chamt> 
blowers,  or  fans.  The  only  limit  to  the  degree  of  turbulence  wl 
is  introduced  is  the  practical  one  of  the  loss  of  momentum 
friction  loss)  which  is  related  to  that  turbulence. 

LIQUID  WITH  LIQUID  AND  SOLID  WITH  LIQUID 

The  problems  encountered  in  these  two  similar  aspects  of  mi> 
are  very  similar,  and  at  the  same  time  give  rise  to  conditions 
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achines  which  are  normally  connoted  by  the  phrase.  There  are, 
>wever,  very  different  degrees  of  difficulty  encountered  in  par- 
udar  instances  of  the  general  cases,  and  it  is  possible  to  resolve 
ese  difficulties  in  terms  of  the  important  physical  properties  of 
e  system.  These  are  as  follows — 

(a)  The  extent  to  which  the  liquids  concerned  are  miscible  with 
ch  other,  or  the  solids  present  arc  soluble  in  them.  When  the 
operties  of  the  system  are  such  that  the  separate  phases  tend  to 
[come  one  by  virtue  of  solution,  the  main  problem  of  the  coll¬ 
ating  is  not  serious.  The  additional  properties  described  below 
come  of  only  secondary  importance,  although  they  are  not 
eligible. 

(b)  The  relative  densities  of  the  solid  or  liquid  phases  involved 
Lve  a  direct  bearing  upon  the  mixing  problem,  within  the  general 
|o visions  of  the  above  paragraph.  If  the  phases  are  virtually 
uniscible,  and  the  purpose  of  the  mixing  is  to  produce  a  suspension 

1  emulsion,  then  phases  with  great  differences  in  density  will  be 
latively  difficult  to  disperse  evenly,  one  within  the  other. 

(c)  The  viscosity  of  the  liquid  phase  or  phases  will  in  the  first 
i.ce  have  a  direct  bearing  upon  the  energy  involved  in  bringing 
out  any  necessary  relative  motion  in  the  mixer.  Thus  if  other 
ings  are  roughly  equal,  it  will  be  more  difficult  and  more  costly 
terms  of  power,  to  maintain  equal  movement  in  a  viscous  fluid 
an  in  a  non-viscous  one. 

In  the  second  place,  heterogeneous  systems  such  as  emulsions 
d  suspensions  do  display  peculiar  viscosity  properties.  Strictly 
eaking,  the  viscosity  of  a  fluid  is  that  force  per  unit  area  ( F/A ) 
deli  will  maintain  unit  velocity  gradient  ( v/x )  in  the  liquid,  or _ 


fji  —  F/A  A-  v/x 

I  his  means  that  a  graph  of  various  values  of  F/A  and  v/x  would 
a  straight  line  passing  through  zero,  or,  that  the  viscosity  is  a 
Dperty  independent  of  the  force  {F/A)  applied.  Now '  some 
terogeneous  systems  (which  are  not  true  fluids)  do  not  yield 
is  result  upon  experiment,  but  reveal  conditions  in  which 
lering  forces  produce  different  viscosities.  This  is  often  termed 
b  consistency  of  the  system,  to  avoid  confusion  with  the  more 
ictly  defined  term  viscosity,  and  really  means  the  viscosity  at 
ne  particular  applied  force.  Comparative  experiments'  for 
l ust rial  purposes  are  conveniently  carried  out  by  the  sinking- 

ri  uet+  °d'  lr  Jh11,8.a  shaPed  bob  may  be  loaded  with  disc  weights 
d  its  time  of  fall  in  a  vertical  cylinder  containing  a  sample  of 

'  §ysttm  under  test  may  be  measured.  This  method  is  only  a 
nparative  one,  but  if  the  cross-sectional  area  of  the  bob  and 
clearance  from  the  cylinder  wall  are  constant,  a  plot  of  applied 
d  on  the  bob  and  rate  of  fall  between  two  fixed  gauge  points 
ves  to  indicate  the  important  characteristics  of  the  system1 
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In  such  an  apparatus,  a  truly  viscous  liquid  or  a  solution  wou 
give  straight  lines  passing  through  zero  as  in  Fig.  37  {a).  Mari 
suspensions  of  insoluble  solids  in  liquids  (and  especially  in  viscoi 
liquids)  yield  plots  as  shown  by  the  full  lines  on  (b).  A  consistent 
of  this  type  indicates  that  a  certain  minimum  force  is  necessai 
before  any  motion  can  be  induced  in  neighbouring  zones,  and  th 
after  this  minimum  is  exceeded  the  system  behaves  normall 


(a)  (b) 


(0  (<o 

Fig.  37.  Typical  Consistency  Diagrams 


Often  the  lines  are  not  straight,  but  as  in  the  case  of  the  broki 
line  in  Fig.  37  (6)  show  a  downwards  bend,  indicating  that  on 
motion  begins,  the  consistency  of  the  mass  decreases.  Such  systeii 

are  generally  referred  to  as  plastic  systems. 

On  the  other  hand  some  systems,  usually  emulsions,  are  capal 
of  producing  the  conditions  portrayed  in  (c).  Such  a  system  behav 
as  an  ordinary  viscous  fluid  at  low  velocities  and  loadings, 
tends  to  become  more  viscous  as  the  power  input  is  increased, 
that  it  becomes  more  difficult  to  produce  rapid  motion  in  sue 

mass.  This  state  is  known  as  thixotropy. 

Finally,  extreme  cases  (e.g.  colloidal  masses  or  gels)  exhibit 
distinctive  behaviour  in  producing  such  peculiar  experiment 
results  as  shown  in  (d).  The  interpretation  of  this  is  such  an  e\t<. 
sion  of  the  previous  condition,  that  a  velocity  of  movement 
reached  which  cannot  be  exceeded  appreciably,  even  if  much  giea 
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•ces  are  exerted.  This  will  mean  in  practice,  that  the  motion  set 
in  a  mixing  zone  will  very  rapidly  die  out.  This  propeity  is 
•med  inverted  plasticity . 

[d)  The  surface  properties  of  the  phases  are  also  of  some  lmpor- 
lce  in  mixing  systems.  The  relative  surface  tension  of  immiscible 
ids  will  have  a  bearing  upon  the  size  of  the  dispersed  drops,  also 
3  case  with  which  a  liquid  wets  a  finely-divided  solid  will  have 
ne  bearing  upon  the  ease  with  which  they  can  be  compounded 
a  suspension. 

in  conclusion  it  must  be  stated  that  in  any  mixing  problem  it 
ist  be  borne  in  mind  that  these  important  physical  properties  may 
inge  very  considerably  as  mixing  proceeds.  For  instance,  per¬ 
tly  normal,  immiscible  liquid  components  may  be  easily  stirred 
d  mixed  at  the  outset,  but  may  produce  an  emulsion  of  such 
)perties  that  the  mixing  cannot  continue. 

It  must  be  remembered  that  much  of  the  accepted  "mixing 
ichinery  '  was  evolved  before  the  fundamental  requirements  of 
?  operation  were  formulated.  These  useful  mechanisms  can  be 
ected  for  their  proper  purpose  by  examining  the  properties  of 
)  system  to  be  mixed.  The  essential  of  such  a  mechanism  is  that 
nust  be  capable  of  performing  the  work  required  to  bring  about 
*  necessary  relative  motion  of  the  phases  concerned,  in  the  light 
their  physical  properties.  Now  the  selection  of  a  mixing  unit 
olves  the  choice  of  the  appropriate  combination  of  vessel  and 
■rer,  and  this  point  is  not  always  sufficiently  appreciated.  A 
•peller,  for  example,  is  not  a  mixer  for  any  purpose  until  it  is 
lipped  with  a  container.  As  the  walls  of  the  container  will 
ectly  control  the  flow  pattern  of  the  contents  the  selection  of 
;  container  is  as  important  as  that  of  the  propeller.  The  appre- 
tion  of  the  fact  that  the  stirrer  must  put  the  mass  in  motion, 
that  the  containing  vessel  must  so  direct  the  moving  material 
to  maintain  the  appropriate  flow  pattern,  is  the  real  heart  of 
Ker  selection. 

Uthough  this  part  of  the  subject  is  very  extensive,  the  features 
he  more  important  machines  will  be  outlined  here. 


die  Mixers 

he  principle  of  this  old  type  of  mixer  is  that  a  vertical  cylindrical 

ls  flp,ed  Wlt,’,,a  vertlcal  shaft  carrying  several  flat  arms  or 
ales,  the  paddles  are  usually  between  one-half  and  three- 
rters  ot  the  vessel  diameter  in  length.  In  the  simnle  form 
United  m  Fig.  38  (a)  the  action  of  the  blades  or  paddles  is  to  push 
contents  of  the  vessel  round,  so  that  they  move  as  a  cylinder 

f  d?ffab°Uit  5  S  V?rtlCa  axis'  When  the  Phases  are  immiscible 
>f  different  densities  or  viscosities,  it  can  be  imagined  that  the 

er  layer  merely  slips  over  the  lower  one.  There  is  no  effective 

heal  movement  in  the  mass  which  would  cause  the  two  layers 
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to  mix.  On  the  other  hand,  the  flat  paddle  is  capable  of  transmitti  > 
a  great  deal  of  work  to  the  moving  mass,  and  of  producing  hii 
rates  of  shear  locally,  especially  if  stationary  intermeshing  blad 
or  baffles  are  fitted  to  the  tank  as  in  ( b ).  For  the  same  reason,  thi 
generally  operate  at  slow  speeds  with  a  tip  velocity  of  less  thj 
400  ft /min. 

Thus,  paddles  are  useful  for  mixing  thick  pastes  or  slurries,  at 
for  handling  systems  with  consistencies  as  in  Fig.  37  ( b )  and  (« 
or  for  preparing  solutions  or  blending  miscible  liquids.  They  a 


not  very  suitable  for  maintaining  heavy  solids  in  suspension 
contacting  immiscible  liquids,  especially  with  cylindrical  bodies. 

Propeller  Mixers 

The  propeller,  in  its  simplest  form,  may  be  regarded  as  a  sli 
single-bladed  paddle,  with  the  paddle  blades  twisted  out  of 
vertical  plane.  If  this  is  placed  in  a  vertical  cylindrical  vessel,  w 
its  shaft  central  and  vertical,  the  motion  normal  to  the  inclu 
face  of  the  blade  has  a  vertical  as  well  as  a  horizontal  componc 
As  the  angle  of  inclination  of  the  face  to  the  horizontal  is  increas 
the  vertical  component  (proportional  to  the  sine  of  that  an,i 
increases  to  a  maximum  at  a  45°  angle,  or  pitch.  The  action  of 
propeller  is  thus  to  thrust  a  cylinder  of  liquid  downwards 
upwards,  according  to  the  direction  of  rotation),  in  addition 
imparting  some  swirl  or  horizontal  component  to  the  whole  m 
Propellers  are  usually  modified  from  the  simple  twisted  blade 
reduction  of  width  at  the  tip  and  root,  so  as  to  develop  the  thi 
in  an  annular  ring.  However,  the  general  feature  is  that  then 
developed  this  vertical  motion  in  the  vessel  contents,  and  this 
bring  about  that  motion  between  layers  of  different  phase  or  den 
that  was  absent  in  the  paddle  mixer.  With  the  vertical  cent 
mounting  in  a  cylindrical  tank  there  is  a  tendency  in  the 
pattern  to  leave  the  lower  corners  unswept,  and  moreover 
induce  serious  vortexing  at  the  centre  as  shown  m 
The  former  effect  may  be  checked  bv  vessel  design,  to  nt  t 


97 


MIXING 


)  the  flow  pattern  (Fig.  39  ( b )  ).  But  the  vortexing,  which  is  in 
ny  case  wasteful  of  power,  may  produce  serious  difficulties,  because 
)  much  air  may  be  drawn  down  as  to  produce  a  state  in  which  the 
ropeller  actually  works  in  a  “cave”  of  air ;  efficiency  immediately 
11s  and  dangerous  vibration  may  develop  in  the  propeller  shaft, 
ortexing  is  of  course  in  some  measure  a  result  of  flow  pattern, 
id  thus  of  vessel  shape,  and  if  the  propeller  is  moved  a  little  out 
:  the  vessel  centre  the  trouble  is  usually  removed,  at  the  price 


less  complete  scouring  of  the  vessel  bottom  (c).  Baffles  attached 
the  side  of  the  vessel  either  directly  or  on  struts  will  prevent 
rtexing  to  some  extent  by  breaking  up  the  horizontal  swirl  ( d ). 
ropellers  are  used  in  many  ways  besides  these  simple  but  effective 
[plications.  For  example  they  are  fitted  in  pairs  with  opposed 
Itch  to  produce  intensive  mixing  of  two  phases  (e)  or  a  single 

opeller  may  be  enclosed  in  a  sleeve  to  give  a  particularly  powerful 
rust  to  the  bottom  (/).  J  1 

Now  the  propeller  is  essentially  a  high-speed  device  with  a  peri- 
■eral  speed  of  1,000-1,500  ft/min  and  it  relies  on  the  amount  of 
Id  it  projects  to  put  in  the  work.  This  means  that  it  is  capable 
operating  in  systems  of  moderate  viscosity  or  consistent  In 
ry  viscous  thixotropic  or  plastic  systems,  however,  the  propeller 

this  dfef  a‘t  the .^tensive  flow  pattern  in  the  mixer  as  a  whole 
iescent  mass  tA  leavingna  SI»all  agitated  zone  isolated  in  a 

.  diS  for  its  aTSioCn°ndlti0nS  °f  P™ve 
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Turbo  Mixers 

These  mixing  agents  are  a  rather  more  modern  developmen 
and  are  also  a  rational  development  of  the  paddle,  for  the  rote 
can  be  considered  as  a  small  multi-bladed  paddle,  in  which  til 
blades  retain  their  vertical  faces,  but  are  curved  in  the  horizonti 
plane  (Fig.  40  (a)  ).  When  such  a  rotor  rotates  in  a  liquid,  the  actia 
is  first  to  push  liquid  into  circular  motion  on  the  blade  face,  an 
subsequently  for  centrifugal  force  to  cause  the  liquid  to  flow  ou 
wards  along  the  blade,  and  to  be  hung  from  the  tip.  Note  th; 
there  is  no  vertical  motion  in  the  absence  of  pitch  on  the  blade 


N 

{  1  1 

fT1 

4 

r*’ 

1  l) 

1J 

ILz 

^  J, 

(a) 


(b) 


(c) 


Fig.  40.  Turbo  Mixers 


(a)  Simple  open  impeller.  ( b )  Impeller  with  stator  ring, 

(c)  Flow  pattern  with  enclosed  impeller. 


but  the  motion  is  at  some  angle  to  the  radial,  so  that  there  is 
certain  amount  of  swirl.  If,  however,  a  stator  ring  is  fixed  outsi# 
the  orbit  of  the  tips,  this  motion  may  be  made  so  that  the  hqu 
emerges  from  the  stator  ring  horizontally  and  radially,  as  shown 
(6).  If  this  arrangement  of  rotor  and  stator  is  placed  in  a  suitab 
housing  in  a  vessel,  the  net  result  is  a  vertical  motion  at  the  axi 
intakes,  and  an  almost  purely  radial  motion  at  the  level  of  t 
turbo  (c).  This  means  that  the  upper  and  lower  phases  are  dravi 
into  the  turbo  blades,  and  ejected  violently  into  the  bulk.  The 
is  virtually  no  swirl  or  vortexing  and  little  waste  of  power,  and 
addition  the  speed  is  only  half  that  of  a  propeller  on  an  equivale 
duty  (about  700  ft/min  tip  speed).  Although  the  turbo  mixer 
generally  a  more  expensive  but  more  efficient  substitute  tor  t 
propeller,  it  also  fails  in  conditions  of  extreme  viscosity  where  son 
form  of  paddle  must  be  resorted  to.  An  additional  limitation 
that  the  vertical  distance  through  which  the  turbo  mixer  can  pi 
duce  motion  is  not  so  great  as  for  the  propeller  so  that  the  ves“ 
generally  has  to  be  shallower ;  this  does  not  necessarily  mean 
vessel  of  less  capacity,  for  the  high  rate  of  radial  discharge  perm 
of  a  greater  vessel  diameter  than  with  propellei  units. 

Of  late  years  quantitative  investigation  into  the  mixing  efficie 
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nd  power  consumption  of  these  various  units  lias  received  some 
ttention.  The  whole  question  of  mixing  efficiency,  or  how  to 
mipare  various  mixers,  and  particularly  how  to  scale  up  from 
Kperimental  size  to  plant  units,  has  been  a  vexed  one.  A  good 
>view  of  the  modern  position,  together  with  a  bibliography  of 
le  subject  has  been  given  by  Asquith. (24)  The  general  trend 
f  investigation  into  mixing  is  to  use  solvent  or  heat-transfer 
Mechanisms,  so  that  the  rate  of  solution  of  a  sized  solid,  for  example, 
m  be  made  to  yield  a  coefficient  representative  of  the  system  of 
citation.  Application  of  the  methods  of  dimensional  analysis  has 
d  some  workers  to  the  opinion  that  one  of  the  parameters  involved 


lay  be  written  as 


Nd*p 


u 


(Hixson), (23)  where  N  =  revs/hr  of  the 


irrer,  d  =  vessel  diameter  (ft),  p  =  density  of  vessel  contents 
p/ft)  and  [i  =  viscosity  of  vessel  contents  (lb/ft-hr). 

Now  Nd  may  be  regarded  as  some  form  of  the  speed  of  the  vessel 
intents  around  the  rim  of  the  vessel,  although  it  cannot  be  equal 
9  it,  when  slip  and  momentum  losses  are  taken  into  account, 
owever,  this  idea  leads  to  the  interesting  suggestion  that  the 


-written  group 


(Nd)dp 


u 


is  very  similar  to  the  Reynolds  Number. 


ixson’s  work  shows  that  the  mixing  efficiency  is  proportional 
>  the  power  T4  of  this  group  when  it  has  a  value  less  than  67,000 
id  to  the  power  0'62  when  in  excess  of  this  figure.  Assuming  all 
lysical  properties  of  the  agitated  system  to  be  constant,  this 
ition  provides  a  good  basis  for  comparing,  and  scaling  up  or 
iwn,  existing  mixer  data.  For,  to  reproduce  observed  conditions 
i  a  different  scale  of  plant  would  ensure  dynamical  similarity,  or 

l  identical  value  of 


It  is  obvious,  from  what  has  been  said  that  the  velocity  term 
d  is  not  a  true  picture  of  some  property  of  the  agitated  system 
ideed,  some  workers  go  to  the  other  extremes  and  substitute  the 
irrer  diameter  L  for  the  vessel  diameter.  Neither  can  be  true,  but 

r  comparison  purposes  either  is  probably  good  enough.  The  use 
.  N Llp 

lias  been  found  to  yield  results  in  investigating  power 


/* 


quirements  and  work  on  these  lines  yields  the  following  formulae 

r  power  consumption  at  the  stirrer  surface,  in  systems  of  conven- 
mal  proportions. 


Paddles:  H.P.  =  1-29  x  10-4L2-72^o.i4xY2.86po.86rfi.i//o.6 
Turbos:  H.P.  =  1-5  x  10-10A2-88^4.76Do.88..o.i2 

Propellers:  H.P.  =  0*56 N*-*L*-U*-*  p**  p*-* 
lere  //  is  the  height  of  the  liquid  in  the  vessel. 
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Used  with  discretion,  these  furnish  the  engineer  witli  some  has 
for  calculating  power  consumptions  in  mixers  of  this  sort.  Furth( 
information  on  this  point  may  be  found  in  two  recent  sources.*24* : 

SOLID  WITH  SOLID 

It  sometimes  happens  that  solid  components  have  to  be  intimate 
mixed  before  entering  a  process  or  before  being  packed.  This  ty] 
of  mixing  is  not,  however,  a  very  general  one  and  there  are  tv 
sorts  of  action  available. 

Firstly,  the  dry  solids,  usually  powders,  may  be  “barrelled 
by  placing  them  in  a  horizontal  cylinder,  which  is  then  rotate 
The  rotation  is  continued  until  the  desired  degree  ot  dispersion 


Fig.  41.  Ribbon  Mixer 


the  solids  is  attained.  In  a  recent  paper  Coulson  and  Matra* 
have  shown  how  a  mathematical  treatment  of  the  problem  may 
visualized. 

An  alternative  method  is  the  use  of  ribbon  mixers,  in  which  t- 
or  more  narrow  strips  of  metal  are  supported  in  the  form  of  helic 
around  the  shaft  (Fig.  41).  This  shaft  and  helices  are  then  mount 
in  a  horizontal  container  usually  in  the  form  of  an  open  troug 
The  operation  is  carried  out  batch -wise  in  relatively  small  lc 
when  the  shaft  is  rotated.  The  mixing  action  is  restricted  to  t 
area  of  relatively  high  turbulence  produced  in  the  mixed  powd- 
by  the  passage  of  the  thin  strips  of  metal.  In  this  turbulent  was 
the  particles  move  relatively  to  one  another,  and  so  the  disperse 
is  brought  about.  It  is  noted  that  although  this  turbulence  is  smt 
it  is  more  effective  than  greater  effort  expended  in  turning  ovei 
whole  dry  mass.  To  draw  a  parallel,  dry  cement  and  sand  are  me 
effectively  mixed  by  quick  light  movement  with  a  fork  than 
heavy  turning  of  the  whole  mass  with  a  shovel. 


GAS  WITH  LIQUID 

Within  this  single  division  of  mixing  devices  are  found  some 
the  simplest  and  some  of  the  most  complex  arrangements  and 
distinction  is  usually  to  be  found  in  the  degree  to  which  the  g 
stream  is  consumed  in  the  process.  For  instance,  m  very  ma, 
gas-liquid  processes,  only  part  of  the  gas  stream  is  reach  , 
larger  part  being  inert  and  acting  as  a  carrier  gas,  as  will  be  sc 
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L  a  later  chapter.  In  such  instances,  where  large  volumes  ol  gas  are 


io  be  continually  processed,  the  simpler  apparatus  is  favouied. 
'hese  are  all  of  the  column,  or  tower,  class  and  consist  of  a 
ertical  cylindrical  shell  up  which  the  gas  is  passed  while  the 
quid  flows  downwards.  This  can  be  done  in  an  empty  cylinder,  the 
o-called  wetted  wall  column,  in  which  the  liquid  flows  down  the 
rail,  and  the  gas  up  the  centre.  The  area  of  contact  is  definite 
[ut  small,  and  other  devices  have  been  introduced  with  the  purpose 
f  increasing  the  contact  surface  in  a 
liven  volume  of  empty  cylinder.  One 
|f  the  simplest  of  such  devices  is  the 


lclusion  of  horizontal  perforated  discs, 
r  sieve  plates,  at  appropriate  spacings. 
'he  intention  is  that  on  the  perforated 
late  contact  is  brought  about  by  the 
|as  or  vapour  thrusting  up  through  the 
oles  as  the  liquid  tries  to  pass  down- 
ards.  At  a  sufficiently  high  gas 
ite,  in  fact,  the  sieve  plate  is  usually 
irmounted  by  a  layer  of  froth .  At  the 
tme  time,  it  is  possible  to  operate  such 
column  at  a  gas  velocity  which  will 
[•event  liquid  passing  down  efficiently, 


>  that  it  collects  on  the  plates  until  1 1 1 

le  gas  pressure  is  overcome,  when  the 

}uid  then  descends  in  a  mass ;  the  FlG*  Bubble-cap  Tower 
rcle  of  surges  is  then  repeated.  This  is 

Lst  the  sort  of  unsteady  behaviour  to  be  avoided  in  gas-liquid 
actions. 


The  horizontal-disc  arrangement  has  been  extended  into  the 
instruction  of  the  bubble-cap  tray  illustrated  in  Fig.  42.  The 
ay  has  a  deck,  litting  into  the  column,  and  it  bears  several  nozzles 
)  up  thiough  which  the  gas  passes  and  at  least  one  down -take 
)  through  which  the  liquid  flows.  The  upper  edge  of  the  down-take 
lower  than  that  of  the  nozzles,  so  that  although  the  tray  is  always 
•veml  with  liquid,  it  will  not  pass  down  the  nozzles.  Similarly 

ft  lr»WP>r  e±r\r\  r»-f  linnirl  .1  /L\  i  i  •  ...  ..  *  1 
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head  in  the  down-take  to  overcome  all  resistance  heads.  T1J 
resistance  arises  from  four  causes,  namely — 


(i)  resistance  due  to  gas  flow  through  nozzles  and  caps,  hlf 

(ii)  resistance  due  to  liquid  flow  in  down-take,  h2,  and  to  the 
must  be  added  two  static  heads — 

(iii)  the  height  of  the  upper  end  of  the  down-take  above  t 
deck,  h3, 

(iv)  the  height  of  the  flowing  liquid  above  the  upper-end,  /a4. 


Thus,  the  total  head  of  liquid  in  the  down-take  may  be  imagin 
made  up  as  in  Fig.  43.  If  the  “back-up”  (as  it  is  called)  is  not 
be  more  than  halt  way  up  the  down-take  for  safety,  then  the  tr- 

spacing  will  have  to  be  at  lea 

4(/i3  -|-  hA)  +  2(/q  +  li2). 

Considerations  of  the  height 
serrations  or  slots  in  the  ca 
determine  h3,  while  /i4  is  calculate 
for  any  sized  down-take  fre 
ordinary  weir  formulae.  Usua 
h1  and  h2  are  solved  as  follows — 

h1  =  (vapour  velocity  in  ris* 


Fig.  43.  Diagram  of  Heads  in 
Down-spout 


ft/sec)2/ratio  of  density 
liquid  to  density  of  vapo 

h2  =  0-6  (liquid  velocity  in  dow 
spout,  ft/sec)2. 


An  alternative  design  for  obtaining  greater  contact  per  uu 
volume  uses  inert  filling  in  the  tower,  to  bring  about  turbulence 
liquid  and  gas.  This,  the  customary  packed  absorption  tow 
makes  use  of  a  variety  of  packings  or  fillings,  but  the  requireme* 
of  such  a  filling  may  be  listed  as  below — 

(i)  Inertness  to  all  compounds,  reactants  or  products  flowing 


tower. 

(ii)  A  maximum  of  exposed  area  per  unit  volume. 

(iii)  A  maximum  voidage  so  that  the  gas  flows  easily. 

(iv)  Lightness. 

(v)  Reasonable  strength  so  that  it  does  not  break  down  a 


crumble.  ,  _ 

On  this  basis  the  choice  of  material  may  range  from  sieved  cc 

or  broken  brick  to  special  stoneware  shapes.  These  shapes  may 
dumped  in  the  tower,  or  stacked  in  a  regular  pattern  and  di  ertn* 

in  voidage  can  be  obtained  in  this  fashion.  . 

There  are  two  main  problems  connected  with  the  design  a 
operation  of  a  tower  filled  with  a  material,  supposing  that  it  has 
acceptable  set  of  properties  as  listed  above.  Firstly  a  dithcu 
arises  which  is  not  found  in  the  previous  types,  namely,  the  Us# 
button  of  the  liquid  over  the  packing.  Imagine  a  tower  Idled 
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pheres,  and  let  the  liquid  be  led  on  to  the  top  of  the  packed  section 
irough  a  single  central  pipe.  If  a  vertical  section  of  the  packing 
;  considered,  it  can  be  seen  that  as  a  stream  of  liquid  falls  on  to  a 
ihere,  it  may  fall  to  the  left  or  the  right.  Thus  the  distribution 
f  the  liquid  over  the  packing  must  vary  as  the  tower  is  descended, 
his  is  really  a  problem  in  probability,  and  some  interesting  deduc- 
ons  have  been  made  bv  Scott1  2 and  by  Tour  and  Lerman.(28) 


W  V  w 


o 


Fig.  44.  Diagrammatic 
Liquid  Distribution  in 
Packed  Column  (Single¬ 
point  Feed) 


Fig.  45.  Diagrammatic 
Liquid  Distribution  in 
Packed  Column  (Triple  - 
point  Feed) 


The  general  practical  result  is  that  the  fractional  distribution 
the  liquid  flow  across  the  diameter  is  unequal.  At  the  top  of  the 
•wer  most  of  the  liquid  is  in  the  centre,  and  at  lower  cross-sections 
le  distribution  is  more  uniform.  The  distribution  is  generally 
entifiable  as  a  normal  Gaussian  one,  so  long  as  the  diameter  is 
-ge  compared  to  that  of  the  spherical  filling.  As  liquid  descends 

a  lAiirnu  l-f  fi  n  o  1 1 1  t  ih  ^  1 1  1  i  •  i  .  . 


te  tower,  it  finally  reaches  the  wall  and  continues  to  descend  it 
ithout  redistribution.  If  the  fractional  distribution  is  illustrated 
aphically  as  in  Fig.  44  it  is  found  that  the  initial  central  peak 
timately  becomes  depressed  only  to  be  replaced  by  one  around 
e  edge.  This  means  that  the  tower  packing  is  never  equally  wetted 
id  so  cannot  work  to  best  advantage.  Two  methods  are  available 
r  remedying  this  position.  Firstly,  multiple  feed  points  will  sup- 

the  Centre>  but  at  the  time  cause 
cumulation  at  the  wall  to  occur  higher  in  the  column.  This  can 

ific^s  tnyrlf  in'"!-  uZ?talubaffleS  With  a  suitable  number  of 
Lets  are  indited  L  Fig  45  P°Siti°n'  B°th  theSe 
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A  further  problem  in  the  use  of  packed  columns  is  rather  similJ 
to  one  encountered  in  sieve-plate  columns,  namely  that  g 
velocities  cannot  be  increased  without  reference  to  the  liqu 
velocity.  It  is  possible  to  increase  gas  velocity  by  reducing  tow- 
cross-section,  and,  as  will  be  seen  in  later  chapters,  this  is  general 
good  practice.  But,  a  gas  velocity  may  be  attained  such  that  t3 
liquid  cannot  pass  down  the  spaces  in  the  packing  so  bringii 
about  a  pulsing,  unsteady  sort  of  operation.  This  critical  or  floodii 
velocity  is  a  complex  function  of  the  physical  properties  of  t] 
packing  and  of  the  liquid  velocity. 

Various  attempts  have  been  made  to  relate  the  dimensions 
the  packing  to  the  flooding  velocities.  One  aspect  of  the  subje- 
is  revealed  in  the  work  of  Elgin  and  Weiss(29)  where  it  is  shown  th 
observed  flooding  conditions  in  a  variety  of  packings  can  be  repn 
sented  by  a  single  plot  between  two  groups. 

The  first  is  the  square  root  of  the  ratio  between  gas  velocity  ai 
liquid  velocity,  calculated  in  similar  units  on  the  empty  tow> 


cross-section, 


V 


The  second  is  written  as- 


L 


( VL)-a 


0* 


where  V j  =  liquid  velocity  calculated  on  empty  tower, 

a  =  wetted  surface  per  unit  volume  of  packed  space, 
g  =  acceleration  due  to  gravity, 

F  =  fractional  voidage  in  packed  space,  found  by  drainin 

Now  both  these  groups  are  dimensionless  in  consistent  units,  an 
if  experimental  results  are  plotted  on  logarithmic  co-ordinates  th  i 
give  substantially  a  single  curve.  If  a  mean  straight  line  is  drav 
through  the  points,  it  is  found  that  its  equation  is  approximately 


Although  this  work  refers  in  the  main  to  packing  less  than  1  in. 
dimension,  the  treatment  by  means  of  dimensionless  groups  is  usel 
in  correlating  experimental  results  obtained  on  any  type  of  fillii  i 
These  rather  simple  contacting  devices  will  not  serve  when  it 
process  is  to  be  carried  out  under  pressure,  or  when  the  gas  is 
be  introduced  into  the  liquid  in  a  very  intense  manner.  In  the 
cases  (e.g.  hydrogenation,  oxidation),  turbo  mixers  with  duel  mtaR 
mav  be  used.  When  immersed  in  the  liquid,  they  may  be  caus- 
to  entrain  gas  also  and  so  discharge  a  froth  below  the  surface  a 
recycle  the  unused  gas  rising  from  the  surface,  if  necessaiy- 

Alternatively,  the  gas  may,  by  means  of  a  compressor  be  ca 
tinuallv  cycled  through  a  perforated  tube  immersed  in  the  hqu  i 
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•  conversely,  the  liquid  may  be  continuously  cycled  in  a  gas 
lainber  by  means  of  a  pump  and  some  type  of  spray  equipment, 
tie  point  about  these  forms  of  apparatus  is  that  their  performance 
,n  only  be  assessed  by  some  form  of  calibration  on  the  service 
tended,  and  not  by  fundamental  considerations. 

GAS  WITH  SOLID 

he  problem  of  promoting  effective  contact  between  solids  and 
ises  is  one  of  the  most  difficult  encountered  in  design  work,  where 
atter  or  energy  are  to  be  exchanged.  There  are  two  groups  ol 
fective  methods  which  may  be  considered. 

Firstly,  there  are  systems  similar  to  the  packed  column  just 
scribed,  in  which,  however,  the  solid  is  reactive,  and  not  inert, 
ich  systems  are  simple  in  operation  provided  the  solid  does  not 
elt,  or  fuse,  or  crumble  during  the  process.  But  they  have  the 
sadvantage  of  being  discontinuous  so  far  as  the  solid  phase  is 
ncerned,  and  of  inconvenience  and  expense  in  discharging  and 
charging.  Packed  drying  or  scrubbing  towers  are  an  instance  of 
is  when  a  transfer  of  matter  is  involved,  or  a  chequer-work 
generator  when  only  heat  is  to  be  exchanged. 

While  these  methods  of  contacting  may  serve  in  medium-sized 
aerations,  larger  and  more  continuous  processes  have  led  engineers 
combine  the  handling  and  mixing  problems  in  the  common 
ound  of  fluidization.  Flow,  or  fluidized-bed  methods  as  described 
i  p.  31  provide  a  means  by  which  surface  processes  may  be  carried 
t  while  the  solid  is  dispersed  in  the  gas  phase.  The  apparatus 
more  costly  to  install  and  to  operate,  and  its  use  is  restricted  to 
:ge-scale  production. 

The  choice  between  the  fixed-bed  and  fluidized  treatments  is 
ailable  in  any  case  in  which  gases  and  solids  are  to  be  contacted, 
le  purpose  of  the  mixing  may  be  to  heat  one  phase  while  cooling 
e  other,  to  react  some  part  of  the  gas  content  with  the  solid 
rface,  or  even  to  react  several  gaseous  components  by  means  of  a 
lid  promoter  or  catalyst.  The  final  selection  is  usually  made  on 
e  basis  of  size  and  economics. 

GAS,  SOLID  AND  LIQUID 

stems  in  which  all  three  phases  must  be  contacted  are  rare  in 
actice,  but  troublesome  and  specialized  when  they  do  occur.  The 
id  and  liquid  may  be  maintained  as  a  suspension  and  the  gas 
ipersed  in  it  satisfactorily  by  means  of  a  turbo  mixer.  emu¬ 
lations  of  simpler  mechanisms  such  as  paddles  and  perforated 
s  pipes  may  be  imagined,  although  they  are  generally  not  very 
icient  as  the  presence  of  the  gas  phase  often  upsets  the  essential 
w  pattern  of  the  more,  conventional  mixing  action 
In  concluding  this  chapter  the  obvious  may  now  be  stated  in  so 
my  words.  Every  mixing  action  is  to  some  extent  a  handling 
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problem,  and  often  at  the  same  time  a  size -reduction  problem.  ] 
is  really  only  useful  to  distinguish  the  separate  mixing  mechanism 
for  any  application  of  these  mechanisms  in  a  mixing  machine  wi 
involve  these  other  features. 

To  take  the  synthesis  a  step  further,  it  can  be  seen  that  in  til 
realization  of  the  physical  design  of  a  reaction  vessel,  for  exampl 
the  four  basics  of  handling,  heating,  subdivision  and  mixing  mu* 
be  combined  in  the  most  useful  fashion. 

To  repeat  once  more,  before  proceeding  to  specific  instances  « 
this  combination  in  certain  physical  unit  operations,  to  handl 
heat,  subdivide  and  mix  are  the  central  mechanical  requiremen 
of  any  piece  of  chemical  plant. 


CHAPTER  VI 


Size  Separation 


ie  obvious  and  most  general  function  of  this  operation  lias  already 
en  mentioned  in  Chapter  V  namely,  to  act  with  a  size-reduction 
ocess.  It  can  hardly  be  imagined  that  any  crushing  or  grinding 
n  be  carried  out  effectively  without  some  sizing  device  operating 
conjunction  with  it.  Although  it  is  true  that  sizing  is  carried 
t  for  other  reasons  than  to  control  the  product  of  a  crusher,  yet 
en  in  these  cases  the  existence  of  a  size-reduction  step  is  pre- 
pposed.  This  operation,  therefore,  is  of  great  importance  in  many 
ocesses. 

The  systems  in  which  sizing  may  be  carried  out  may  be  divided 
once  into  two  classes — 

(i)  Those  in  which  a  screening  or  sieving  action  is  applied ;  that 
to  say  where  the  material  to  be  sized  is  caused  to  pass  across  a 
rforated  or  woven  surface  allowing  only  that  portion  below  a 
u'ticular  size  to  pass  through. 

ii)  Those  employing  elutriation  or  hydraulic  principles  to  effect 
reparation.  Simply  stated  the  material  to  be  sized  is  dispersed  in 
fluid,  and  the  separation  effected  by  virtue  of  the  fact  that  the 
'ger  (and  therefore  heavier)  particles  will  sink  or  settle  more 
oidly  than  the  smaller  ones. 

There  are  two  important  distinctions  in  the  operation  of  these 
isses.  In  the  first  place  the  first  method  is  not  applicable  to 
ely  divided  solids  because  of  the  difficulty  of  making  screens 
th  an  aperture  much  less  than  0-002  in.,  and  also  because  of  the 
idency  for  such  small  screens  to  become  blocked.  In  addition 


method  is  quite  unsuitable  for  sizing  liquid  drops  because  of 
serious  alteration  in  size  occasioned  by  collision  with  the 
een.  On  all  these  counts  therefore,  it  may  be  said  that  screens 
suitable  for  sizing  solids  greater  than  0-0020  in.  in  size,  while 
draulic  or  elutriation  methods  are  applied  to  all  liquid-drop 
ings,  and  also  to  small  solid  particles. 

In  the  second  place,  a  screen  will  not  differentiate  between  two 
rticles  of  equal  size  but  different  density.  It  is  true  that  if  a 
xture  of  this  sort  is  vibrated  on  a  sieve,  the  heavier  pieces  will 
found  to  pass  through  in  greater  proportion  at  the  start,  but  after 
.ime  all  particles  of  a  smaller  size  will  have  passed  the  screen 
espective  of  their  composition.  This  is  of  course  obvious,  because 
3  screen  separates  on  a  dimension  basis  only,  and  unless  its 
erture  is  distorted  by  the  heavier  material,  all  materials  of  suitable 
e  and  shape  will  pass  through.  Hydraulic  methods,  on  the  other 
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hand,  will  separate  solid  particles  on  a  density  basis.  For,  it  is  ti 
heavier  particle  which  sinks  more  rapidly,  and  it  may  be  heavi* 
either  because  it  is  larger,  or  more  dense,  or  for  both  reasons, 
is  possible,  therefore,  to  separate  equal-sized  particles  of  differei 
density  by  these  methods. 

In  this  introduction,  use  has  been  made  of  terms  such  as  siz- 
dimension  and  shape,  and  before  treating  of  the  fundamentals  « 
size  separation,  it  will  be  necessary  to  consider  the  properties  « 
systems  of  small  discrete  particles. 

The  problem  in  dealing  with  powdered  solids  is  that  not  on 
size,  but  also  shape,  have  to  be  considered  when  attempting  i 


assess  fineness.  The  usual  practical  method  of  determining  the  si 
of  a  particle  is  sieving,  where  the  sieve  aperture  through  which  tl 
particle  will  just  pass  is  taken  as  representative  of  the  leadii 
dimension  or  size.  This  relationship  is  obvious  enough  when  tl 
particle  is  of  a  regular  geometric  shape.  In  practice  howevo 
industrial  powders  include  angular  particles  of  irregular  shape, 
rigid  system  of  representing  this  irregularity  by  means  of  dimensio 
less  parameters  or  shape  factors  has  been  evolved.  In  this  methc 
the  particles  are  examined  microscopically  in  order  to  measure  (1 
means  of  a  calibrated  eye -piece  or  rack-and -pinion  staging)  thr 
selected  dimensions. 

Consider  an  irregular  piece  of  material  resting  in  a  position 
maximum  stability,  as  in  Fig.  46.  The  maximum  height  of  tJ 
vertical  profile  is  then  defined  as  the  thickness  T .  The  minimu 
square  which  will  just  enclose  the  particle  in  either  plan  or  elevatic 
is  the  minimum  square  sieve  aperture  A.  The  minimum  distan 
between  two  parallel  lines  tangential  to  the  profile  viewed  at  rig 
angles  to  the  previous  direction  is  termed  the  breadth  B.  The  d 
tance  between  parallel  lines  tangential  to  the  profile  at  right  angl 

to  the  breadth  is  called  the  length  L.  .  , 

The  importance  of  these  definitions  is  that,  in  application,  tin 
should  be  applied  exactly  as  defined,  if  they  are  to  be  related 
the  sieve  aperture  through  which  the  particle  will  just  pass. 

The  ratio  of  breadth  to  thickness,  ^  =  m,  the  flakiness  of  t 
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article.  Also,  the  ratio  of  length  to  breadth  is  |  =  n,  its  elongation. 

he  mean  projected  diameter  of  the  particles  horizontal  profile  (dp) 
calculated  from  the  expression— 

d  =  I-  0-7 5BL  =  R Vo-9571 

v  v 77 

ie  factor  0-75  being  experimentally  determined  for  angular  par¬ 
oles  (being  0-77  for  rounded  ones).  Further  shape  factors  may  be 
troduced  to  allow  the  volume  and  surface  of  the  particle  to  be 
[pressed  in  terms  of  dp,  so  that 

Volume  of  particle  =  kdp6 
Surface  of  particle  =  fk 2 

here  k  =  volume  factor,  and  /  =  surface  factor. 

eywood(30)  has  published  data  showing  how  /  and  lc  may  be  found 
om  values  of  m  and  n. 

Now,  we  cannot  relate  dv  and  A  for  the  former  depends  on  B  and 
,  and  the  latter  upon  B  and  T.  But,  a  further  important  relation- 
lip  is  that  found  between  B  and  A,(31)  namely — 

B  I  2 m2 
A  V  m2  -j-  I 

hus,  the  limiting  value  at  large  m  (very  thin)  is  1-414,  i.e.  B  equals 
ie  diagonal  of  the  sieve  aperture.  This  means  that  from  a  knowledge 
i-  the  sieve  apertures  A  through  which  a  particle  will  pass,  its 
readth  B,  as  we  have  defined  it,  can  be  found,  and  so  the 
iean  projected  area  may  be  stated  in  terms  of  m  and  n,  the 
ikiness  and  elongation.  This  ratio  is  generally  in  the  range 
30-1-50  =dJA. 

Although  the  screening  characteristics  of  a  given  particle  thus 
ad  us  to  an  idea  of  a  representative  dimension,  the  mean  pro¬ 
moted  diameter,  in  practice  the  problem  is  to  deal  with  collections 
f  particles  of  various  sizes.  The  size  distribution  in  such  a  parti- 
date  system  may  be  represented  graphically  in  several  ways, 
nagine  a  weighed  sample  of  powdered  material  placed  upon  the 
>p  member  of  a  pile  of  test  sieves  of  decreasing  aperture.  After 
laking  it  is  found  that  a  portion  is  retained  upon  each  sieve,  and 
>me  perhaps  passes  through  the  lower  or  finest  one.  The  amount 
dained  on  each  sieve  can  be  expressed  as  a  percentage  of  the  total 
imple  weight. 

There  are  three  useful  ways  in  which  this  result  could  be 
.‘presented  graphically  as  in  Fig.  47. 

1.  A  cumulative  curve  of  the  percentage  oversize  may  be  pre- 
ared,  in  which  the  total  percentage  weight  of  the  sample  on  that 
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sieve  and  all  sieves  above  it  is  plotted  against  the  sieve  apertur 
(or  mean  projected  diameter). 

2.  A  cumulative  curve  of  the  percentage  undersize,  on  the  otlie 
hand,  is  really  the  inverse  of  the  above  showing  the  total  percentag 
weight  of  the  sample  passing  any  sieve  aperture. 

3.  Lastly,  either  of  these  curves  could  be  used  to  provide 
size-distribution  or  frequency  curve.  This  curve  is  really  a  differ 
ential  of  one  of  the  previous  ones,  and  shows  the  weight  percentag. 
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Fig.  47.  Typical  Representations  of  Sieve  Analysis 


of  sample  enclosed  between  imaginary  sieves  differing  in  apertua 
by  unit  length  against  the  mean  aperture  of  that  fraction. 

The  frequency  is  actually  a  more  continuous  and  accurate  fora 
of  the  actual  sieve  analysis,  which  would  normally  be  represente 
in  block  form.  This  is  in  fact  one  of  the  most  useful  curves  f* 
predicting  the  essential  properties  of  a  collection  of  particles. 
Consider  a  small  range  of  particles,  trapped  between  sieves  • 

aperture  x  -j — —  and  x - y,  so  that  the  size  range  of  the  fractic 

is  dx.  The  mean  height  of  the  frequency  curve  at  this  point 

hw  .  dw 

—  so  that  the  area  beneath  the  curve  is 
&x  ^  "Zdiv 

Thus,  the  total  area  enclosed  by  the  curve  • dx  is  the  tot  1 

weight  of  the  sample.  .  . 

The  frequency  curve  is  useful  in  indicating  the  size-distributu 
properties  of  the  samples  or  the  frequency  with  which  any  siza 

particle  occurs  in  the  powder.  . 

There  are  in  fact  three  properties  of  such  a  system  which  a 

sometimes  confused,  namely — 

(i)  The  weight  mean  sieve  aperture  or  diameter,  which  occi 
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the  ordinate  passing  through  the  centre  of  area  of  the  frequency 

TiX  .  cl  w 
irve,  xw  =  -g^r* 

(ii)  The  median  sieve  size  or  diameter  is  that  at  which  the  sample 

divided  into  two  lots  of  equal  weight.  . 

iii)  The  mode  sieve  size  or  diameter  is  the  size  occurring  with 
b  greatest  frequency,  and  represents  the  peak  of  the  cuive. 
Frequency  curves  are  useful  in  comparing  the  products  of  crushers 
processing  various  compounds.  It  is  convenient  in  this  case 
put  all  frequency  curves  on  one  basis  by  altering  the  scale  so 


:g.  48.  Comparative  Frequency 
Curves  in  Course  of  Grinding 


Fig.  49.  Comparative  Frequency 
Curves — Same  Feed,  Different 
Mill  Gap 


it  the  curves  not  only  enclose  the  same  area  (which  means  the 
ne  sample  weight)  but  also  have  the  same  weight  mean  size. 

Ihis  is  effected  by  expressing  particle  size  as  a  fraction  of  the 
ight  mean  {x/xj  as  abscissae  and  maintaining  constant  area 

aeath  the  curve  by  plotting  ~  .  xw  on  the  ordinate.  If  dw  is 


pressed  as  a  percentage,  the  two  scales  are  then  dimensionless, 
d  the  plots  are  purely  relative,  and  so  may  be  used  to  compare 
characteristics  of  a  sample  as  it  undergoes  crushing. 

In  Fig.  48,  for  example,  is  shown  the  size  analysis  on  this  basis 
a  sample  of  lime  (a)  before  crushing,  (6)  after  one  hour  in  mill, 
after  five  hours  and  ( d )  after  ten  hours. 

t  can  be  seen  that  the  feed  sample  had  a  norm,  or  most  frequently- 
uning  sized  ratio  at  (a),  and  that  after  one  hour’s  grinding  this 
gely  gave  place  to  another  norm  ( b ).  This  size  would  appear  to 
the  initial  product  of  crushing,  and  is  probably  a  result  of  some 
mite  plane  of  shear  in  the  feed. 

4fter  further  grinding,  this  initial  product  is  reduced  and  the 
.duct  is  a  fine  dust,  indicated  by  the  emergence  of  a  new  norm, 
further  grinding  confirms  this  view,  the  original  norm  having 
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almost  completely  disappeared,  and  the  fine  powder  occurring  mo: 
frequently. 

Similarly,  the  result  of  modifying  the  crushing  action  may  l 
studied.  Fig.  49  indicates  the  size  analysis  of  the  product  from 
jaw  crusher  at  two  different  jaw-gaps,  and  it  can  be  seen  that  tl 
norm,  or  most  frequently-occurring  size,  is  considerably  altered. 

These  arguments  suggest  that  the  properties  of  a  particula 
system  are  inseparable  from  the  numerical  aspect,  although  apa-: 
from  microscopic  count  methods,  the  number  of  particles  in  a  certa 
weight  fracture  is  not  known.  However,  a  system  of  assessing  mea 
diameters  from  several  properties  has  been  devised,  by  means 
which  this  difficulty  may  be  overcome. 

It  was  seen  on  p.  110,  how  the  weight  mean  diameter  of  a  groa 
of  particles  whose  frequency  curve  dw/x  was  available,  could  1 
’written  as — 

Sx  .  dw 
Xw  =  ~Ydw~ 

Further,  the  weight  of  a  fraction  of  a  powdered  solid  can  be  repri 
sented  in  terms  of  the  number  of  particles  present  in  the  fracti* 
and  their  size,  if  they  are  all  of  the  same  shape,  for  then  the  weig; 
of  N  particles  of  size  x  is  N  .  kpx 3,  where  k  =  volume  coefficie 
and  p  =  density  of  solid,  or 

dw  =  dN  .  kpx 3 

Thus,  substituting  in  the  expression  for  xw — 

£x4  .  dN 
Xw  ~  2x3  .  dN 


It  will  be  noted  that  shape  coefficients  and  densities  disappear. 
Now  xw  is,  by  definition,  the  size  or  diameter  of  the  parti, 
with  the  same  mean  weight  as  the  system.  It  is  Pr0Perlv  CJ11[ 
the  weight  mean  diameter  which,  it  must  be  noted,  is  different  irci 
the  more  usual  mean  weight  diameter,  which  would  be  written 

equal  to  *  and  is  the  diameter  of  the  particle  of  avera 

H ,  \l  2j  dN 

We  Similarly  we  could  make  surface,  rather  than  weight,  t 
property  upon  which  the  characteristics  of  the  powder  are  assess, 
and  as  'so  much  of  the  mass  and  energy  relationships  m  chemi- 
engineering  are  in  fact  surface  properties,  the  surface  m< 
diameter  xs  is  often  used. 

ZtX  .  ds 


Now, 
and  as 


xs 


Xds 


ds  =  fx2 .  dN 
XxMN 
Xs  ~  Zx2dN 
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ote,  once  more,  that  surface  mean  diameter  is  not  the  same  as  the 

ean  surface  diameter,  J -  y-.  The  surface  mean  diameter  is 

led  in  calculating  the  specific  surface  of  a  powder,  defined  as  the 
rface  per  unit  weight  of  sample,  and  related  to  the  diameter  as 
Hows. 

If  a  particle  has  a  diameter  x,  the  surface  per  unit  volume 

kx 3 


id  the  surface  per  unit  weight,  or  specific  surface — 


=  /_.! 

px  X 

Now  the  appropriate  mean  diameter  to  use  in  calculating 
r  a  collection  of  differently-sized  but  uniformly-shaped  pieces  is 
e  surface  mean  diameter,  because  this  is  the  diameter  of  a  particle 
iving  mean  surface /volume  ratio. 

At  this  stage  it  will  be  useful  to  see  how  a  sieving  or  elutriation 
iialysis  of  a  collection  of  particles  can  be  made  to  yield  these  two 
ther  important  characteristics  the  surface  mean  diameter  and 
lally  the  specific  surface.  Suppose  that  a  sieve  analysis  of  a  sample 
product  from  a  ball  mill  gives  the  following  results,  as  shown  in 
lumns  (1)  and  (2)  of  Fig.  50. 


1 

2 

3 

4 

Normal  Sieve 
Aperture  (A  in.) 

Percentage  Weight 
Sample  on  Sieve 
(x3  .  dN) 

X 

=  Am  x  1-3 

( x 2  .  dN) 
x3  .dN 

X 
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0-0060 

0-0030 
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- 

100-0 

8,615-0 

Fig.  50.  Treatment  of  Sieve  Analysis  for  Surface 

Mean  Diameter 
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Now  we  must  assign  to  the  group  trapped  between  any  tw 
sieves  some  statistical  diameter.  The  facts  are  that,  for  example 
6*0  per  cent  of  the  sample  is  small  enough  to  pass  an  aperture  c 
0  1320  in.  but  too  large  to  pass  one  of  0-660  in.  On  p.  109  it  wo 
seen  how  the  ratio  of  A  to  the  diameter  could  be  found.  Let  it  U 
assumed  that  the  flakiness  and  elongation  of  the  material  unde 
consideration  was  such  that  dp  is  1-30  times  the  sieve  aperture. 

Thus,  the  statistical  mean  diameter  of  each  such  fraction  ma 
be  taken  as  1-30  times  the  mean  of  the  apertures  between  which 
is  trapped.  Thus,  in  the  case  of  the  material  caught  on  the  secon 
sieve,  the  statistical  diameter  is  given  by — 


=  0-1287  in.2 


Let  these  figures  be  carried  into  column  (3).  Now,  if  the  shaj 
constants  and  density  of  the  powder  are  constant,  the  fraction  < 
the  total  weight  of  the  sample  found  in  a  certain  group  must  be  tJ 
same  proportion  of  the  volume.  Thus,  column  (2)  is  also  a  list  « 
the  xHN  terms  of  each  fraction.  If  each  of  these  is  divided  by  tt 
appropriate  x,  a  fourth  column  of  relative  surfaces  (i.e.,  x2dN  teim 

may  be  constructed.  ...  , 

If  columns  (2)  and  (4)  are  added  and  (2)  is  divided  by  (4),  we  ha' 

in  fact  the  surface  mean  diameter  of  the  powder,  for— 


*  ~  Zx2dN  8,615-7 

e  surface  and  volume  constants  have  been  dete 


If  in  addition,  the  surface  and  volume  c 
mined  by  microscopic  methods  so  that 


/  =  2-02 

and  ^  =  0'20 

p  =  77  lb/ft3 


p  =  /  /  lO/lt” 

the  specific  surface  of  the  product  may  be  found 
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bid  certain  important  characteristics,  such  as  one  of  the  repre- 
htative  diameters  (the  surface  mean  diameter  in  particular)  and 
e  specific  surface.  In  interpreting  crusher  results,  it  can  be 
?n  that  these  methods  provide  a  means  of  gauging  the  change  in 
?an  diameter,  or  the  increase  in  surface  occasioned  by  a  size 
iuction.  Also  these  considerations  assist  in  relating  the  amount 
exposed  surface  available  for  reaction  to  a  size  analysis. 

When  calculations  of  this  exactness  are  to  be  made  upon  the  results 
a  sieve  analysis,  it  becomes  necessary  to  specify  rather  rigidly  the 
tiditions  under  which  such  an  analysis  is  carried  out.  It  is  possible 
at  serious  differences  may  result  when  sieving  is  carried  out,  for 
ring  any  sieving  the  fine  undersize  passes  out  rapidly.  The 
nainder,  which  is  of  near-mesh  size  and  so  passes  through  when 
js  in  a  favourable  position,  does  so  more  slowly.  It  is  the  degree  of 
mpletion  of  this  last  stage  which  influences  the  comparison 
tween  analyses.  There  are  two  ways  in  which  the  completeness 
a  sieving  operation  may  be  controlled. 

(i)  The  sieving  may  be  continued  for  a  fixed  time.  This  is  often 
?d,  and  is  perfectly  satisfactory  when  the  size  range  of  the  material 
ing  tested  does  not  vary  much. 

ii)  The  sieving  may  be  continued  until  the  amount  of  material 
ssing  the  sieve  in  unit  time  is  less  than  a  certain  fraction  of  the 
lount  of  material  on  the  sieve,  say  to  0-10  of  sieve  contents  per 
nute. 

Hie  latter  is  a  sounder  method  than  the  first,  but  is  more  difficult 
control. 

Having  seen  how  the  essential  properties  of  a  system  of  particles 
iy  be  defined,  we  may  now  proceed  to  examine  the  practical 
ans  by  which  size  separation  may  be  carried  out. 

SCREENS 

e  design  and  operation  of  screens  and  sieves  involves  two  problems 
j  first  being  the  provision  of  an  effective  means  of  size  separation, 
i  the  second  concerns  the  materials  handling  involved  in  it! 
ery  screen  is  to  some  extent  a  conveyor,  for  its  successful  operation 
plies  that  feed  material  shall  be  processed  across  the  screening 
face  in  the  most  efficient  manner  possible.  The  emphasis  placed 
jn  these  two  aspects  of  the  problem  may  be  seen  when  the 

ential  action  of  a  few  representative  types  of  screen  are 
scribed. 


arse  Screens  or  Grizzlies 

These  screens  are  used  for  the  largest  and  heaviest  duties,  and 
are  usually  encountered  in  connexion  with  heavy  jaw  crushers 

medaof°t  VtT‘S  typ6S  de,veloPed  from  a 'simple  grating 
med  of  stout  bars  spaced  at  the  appropriate  interval.  These 

are  of  abrasion-resisting  material,  and  usually  of  triangular 
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section  so  that  they  do  not  clog.  This  is  a  simple  and  effecti 
screen,  of  high  capacity,  and  cheap  to  install  and  maintain.  B 
there  is  virtually  no  attention  given  to  the  handling  problem,  ai 
the  screen  would  have  to  be  tilted,  and  the  feed  material  raked 
pushed  across. 

This  aspect  may  be  improved,  without  any  decrease  in  screeni 
efficiency  by  one  of  several  devices.  The  bars  may  be  pivoted 
one  end,  and  mounted  on  a  series  of  eccentrics  on  a  common  slu 
at  the  other  end.  When  the  eccentrics  are  driven,  the  bars  are  giv 
a  rippling  motion,  so  that  material  is  carried  across  the  screen  a 
the  oversize  pass  oft  at  the  far  side.  This  action  can  be  extend 
by  having  eccentric  shafts  at  both  ends.  Besides  being  a  rea 
transporter  of  material  to  be  sized,  these  machines  are  rather  m* 
effective  as  screens,  for  the  relative  motion  between  the  bars  fr« 
jams  and  so  maintains  capacity. 


Medium  and  Fine  Screens 

Similar  devices  aiming  at  yet  a  better  handling  function 
grate  grizzlies  and  roll  grizzlies.  The  grate  grizzly  has  its  b 
mounted  on  chains  which  pass  over  spur-wheel  tracks.  The  matei 
is  thus  positively  transported.  The  roll  grizzly  consists  of  sei 
of  rolls,  spaced  at  the  proper  distance  and  all  driven  in  the  s&i 
direction.  The  action  of  the  rolls,  it  should  be  noted,  is  to  transp 
material  that  does  not  fall  between  them.  There  is  no  deliber: 

In  sizing  smaller  materials,  the  bar  construction  becor 

_  ,  i  i  i  i  _ 1 — A  « wAi»fAUQ  Lori  chppti 


impracticable,  and  develops  into  punched  and  perforated  sheet, 
woven  wire  mesh.  The  essentially  dual  problem  of  screening  fc 
handling  still  remains,  however,  but  as  the  latter  becomes 
troublesome  as  particle  size  decreases,  the  emphasis  passes  to 

former 

°Screens  of  this  type  consist  of  a  frame  of  some  type,  over  wh 
is  secured  the  screening  surface.  Simple  examples  are  the  mclu 
type,  down  which  material  slides  as  it  screens,  oi  oscillating 

across  which  the  material  shuffles.  j 

It  may  be  imagined  that  a  free-flowing,  easily-screened  mate 

coutl  beyhandledgon  the  first  type,  while  one  requu-mg  more  ma 
ment  upon  the  screen  surface  would  be  better  dealt  with 
"7  a  further  alternative  employs  that  common  harnf 
device  the  rotating  inclined  cylinder ,  the  surface  being  a  per 
™  This  is  a  very  useful  machine  (known  as  a  trommel 
which  there  is  satisfactory  transportation  throug  t  e  cy  in 
well  as  extensive  movement  over  a  large  screening  area 

All  these  units  may  be  arranged  in  series  so  as  to  yre  d ^va 
sized  fractions,  from  a  “deck”  of  graded  ^ns.  whlch  may 
arranged  in  ascending  or  descending  order  oi  fineness 

The  choice  between  the  order  of  the  screens  is  based  on  the 
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[tribution  in  the  feed.  It  is  usually  unwise  to  allow  the  coarse, 
avv  particles  to  be  processed  over  the  liner  meshes  because  of  the 
Lr  and  tear  involved,  even  though  their  presence  maintains 
pacity  by  pushing  material  through  the  sieve. 

ie  Sieves 

[n  dealing  with  large  quantities  of  finely  divided  material  the 
dn  difficulties  are  associated  with  the  tendency  of  the  screen  to 
g  and  so  decrease  the  screening  capacity.  This  difficulty  has 
3ii  solved  by  the  introduction  of  the  vibrating  type  of  screen, 
which  the  vibration  is  given  at  right  angles  to  the  screen  surface, 
is  action  provides  movement  of  the  material  on  the  screen,  but 
o,  a  certain  amount  of  stretching  of  the  mesh  is  involved,  so  that 
gged  material  may  be  freed. 

rhere  are  generally  two  methods  employed  in  executing  this 
nciple.  In  one  the  screen  is  clamped  at  the  edges  but  secured 
a  solenoid  core  at  the  centre.  Vibration  of  high  frequency  and 
/  amplitude  is  thus  applied  at  the  centre  when  an  alternating 
rent  is  passed  through  the  solenoid  windings.  Alternatively 
*  screen  may  be  given  a  normal  mechanical  vibration  by  means 
eccentrics,  when  rubber  balls  are  often  placed  upon  the  screen 
face  to  provide  vertical  movement  in  the  screen. 

ELUTRIATION 

can  be  seen  that  as  smaller  material  is  to  be  sized,  the  task  of 
intaining  screen  capacity  becomes  more  difficult  and  costly, 
is  at  this  point  that  hydraulic  or  elutriation  methods  of  size 
oration  become  useful.  This  means  that  a  mixed  feed  is  split 
d  size  groups  on  the  basis  of  the  velocity  with  which  they  settle 
i  fluid. 

rhe  conditions  involved  when  a  single  particle  falls  freely  through 
ght  fluid  may  be  briefly  stated  as  follows.  The  acceleration  of 
particle  due  to  the  force  of  gravity  is  opposed  by  the  upthrust 
:he  displaced  fluid,  and  also  by  the  frictional  drag  on  the  surface 
'he  particle.  The  particle  will  attain  a  constant  settling  velocity 
3n  the  first  force  is  balanced  by  the  other  two,  i.e. — 

F  +  kxs3Pfg  =  Jcx*psg 

sre  k  =  volume  coefficient  of  particle  of  diameter  x 
F  =  total  frictional  drag 
Ps  =  density  of  solid 
pf  =  density  of  fluid 

t  will  be  appreciated  here  why  xa,  the  diameter  of  the  particle 

1  ™.ean  surface/volume  ratio,  is  taken  as  representative  of  its 
perties,  rather  than  any  other  parameter. 
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Now  the  form  of  F,  the  force  of  the  frictional  drag,  may 
related  to  the  dimensions  of  the  problem,  by  means  of  dimension 
analysis.  Suppose  that  the  frictional  drag  per  unit  area  of  surff 
R,  is  examined  in  relation  to  the  variables  effecting  it  in  the  c^ 
of  a  particle  of  mean  diameter  x,  density  ps ,  falling  at  a  stea 
terminal  velocity  u ,  in  a  fluid  of  density  pf  and  viscosity  p. 

Then,  we  may  state,  as  the  frictional  force  is  an  expression  of  i 
momentum  loss  in  the  fluid  boundary  layer — 

R  oc  xs,  u,  pf,  p 

or,  R  =  y(xs)a{u)b{pf)c(p)d 

and  in  units  of  mass  M,  length  L  and  time  6 — 

ML 


L  ,r,  /L\b/M\c/M\d 
r?  r(L>  (ft  )  \L3)  (i6») 


e2/. 

Summing  indices  on  dimensions — 

for  M,  1  =  c  d 

for  L,  —  1  z=  a  -\-  b  —  3c  d 

for  0,  —  2  =  —  b  d  . 

Solving  in  terms  of  d — 


from  (3) 
from  (1) 
from  (2) 


b  =  2  -  d 
c  =  1  —  d 

a .  =  -  1  -  b  +  3c  +  d '■=  -  d 
R  =  y{xs)-d{u)2-<l{pf)l-d(pY 

p 


=  y 


or 


R 

PfU- 


cc 


yXgUpf 

P 


\d 

)  U2pf 

7 


x 


d'Pf, 


in  which  both  groups  are  dimensionless. 

Now  the  group  -Aj  is  called  the  drag  coefficient,  and  given 

symbol  w  (psi),  andlt  is  seen  that  it  is  some  function  of  a  grout 
the  Reynolds  number  type,  representing  the  conditions  of^fl^ 
a  boundary  layer  at  the  surface  of  a  particle  of  repie- 
dimension  xs.  Only  experiment  can  give  us  the  numerica  re  a 
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tween  the  groups  for  any  particle  or  Huid,  of  course.  However,  we 
ty  now  state  the  following  factors — 


V 


R 


Pfu2 

F 

s  +  pfV 


2 


F  =  total  friction  drag 
S  =  total  surface  of  particle 


rearranging — 

F  =  xppfu2S  =  ippfu2  .  fx2 

Ere  f  =  surface  constant  of  particle, 

everting  to  the  original  equation  for  constant  velocity  of  fall — 
F  =  xppfu2fx2  =  kxs3(ps  —  pf) 

u2=fmips~Pf) 

k 

i  the  case  of  a  spherical  particle,  of  course,  —  =  6.) 

is  equation,  together  with  an  experimental  plot  of  xp  against  Re, 
uld  only  yield  a  result  for  the  ultimate  free  settling  velocity  by 
il  and  error  methods,  for  xp  is  dependent  upon  u.  The  equation 
iV,  however,  be  rearranged  as  follows — 


Multiplying  each  side  by 


‘11 


u2x2pf2 

P2 


k  x*Pf 

S  VP2 


( Ps ~  Pf) 


V(Re)2=j^(ps-p,) 

rhe  right-hand  side  of  the  equation  is  independent  of  u,  and  it 
y  be  calculated  from  a  knowledge  of  the  system, 
rhen,  a  plot  of  xp{ Re)2  against  Re  would  yield  a  value  of  Re  from 
ich  u,  the  terminal  free  settling  velocity,  could  be  found 
uipped  with  this  knowledge,  it  would  be  possible  to  see  how  a 
mber  of  differently  sized  particles  would  behave  if  they  were 
Dwed  to  settle  freely  through  a  fluid.  (A  particle  settles  freely 
en  it  pursues  its  path  without  collision  with  other  particles 
len  it  suffers  such  interference,  its  velocity  is  sensibly  modified 
1  these  conditions  are  described  as  hindered  settling.)* 

5  (T.653) 
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To  utilize  this  difference  in  settling  velocity  in  order  to  separa 
materials,  some  motion  must  be  imparted  to  the  fluid.  For  instan* 
if  the  suspension  is  caused  to  flow  horizontally  in  a  tank,  the  mo 
rapidly-settling  particles  will  reach  the  floor  of  the  vessel  befri 
those  falling  more  slowly. 

There  are  certain  provisions  to  be  made  in  designing  a  simj 
size  separator  of  the  sort  illustrated  in  Fig.  51. 

Suppose  a  box  of  length  L ,  height  H  and  width  If  to  be  t 
actual  settling  zone.  This  must  be  prefaced  with  a  straighteni 
zone,  of  length  l  in  which  the  suspension  of  solid  in  fluid  can  be  caus 
to  flow  fairly  steadily  and  horizontally.  Also,  if  the  suspensi 
were  introduced  simply  into  the  tank  the  sensitivity  of  the  s- 


separation  would  be  very  low,  for  some  particles  would  have  i 
settle  from  the  surface  of  the  tank,  and  others  from  any  part  bel 
this.  In  fact  therefore,  the  calming  section  is  split  by  a  horizon 
baffle.  The  suspension  is  introduced  above  the  baffle  while  fi> 
fluid  is  introduced  below.  The  volumes  are  related  to  the  posit, 
of  the  baffle,  so  that  both  streams  enter  the  settling  zone  throu 
the  perforated  plate  P  at  the  same  speed.  Also  the  variation 
the  height  from  which  a  particle  may  commence  to  settle  is  mi 
reduced.  Now,  the  horizontal  velocity  V  with  which  the  tc 
contents  flow  is  compounded  with  the  vertical  settling ;  velocity 
of  any  particle,  to  cause  it  to  follow  a  straight  path  inclined  to 
liquicl  surface  at  an  angle  tan^u/l7.  Also,  the  time  taken  to* 
particle  with  settling  velocity  u  to  reach  the  bottom  of  the  tanl 

r  ./zip 

Hju  and  the  point  at  which  it  will  do  so  is  distant  —  from 


entrance  to  the  settling  zone.  Thus,  two  particles  at  settl 


velocities  Ul  and  u2  will  be  found  a  distance  HV  /J  aPart 


the  bottom.  Thus,  if  «,  and  u2  are  nearly  equal  the  horizor 
How  directly  controls  the  selectivity  of  the  separator  It  rem 
only  to  install  conical  or  pyramidal  sections  along  the  tan 
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lat  the  settled  fractions  may  be  removed,  to  complete  the  design, 
fluid  will  pass  from  the  tank  by  an  adjustable  overflow  O ,  an 
be  recirculated  in  the  process  either  with  or  without  further 

fication.  .  ,  e 

be  separation  may  be  effected  by  means  ol  a  vertical  iorm  oi 

er,  in  which  the  slurry  to  be  sized  is  admitted  into  a  vertically  - 
ing  volume  of  fluid.  The  velocity  of  flow  may  be  adjusted  so 
particles  with  a  greater  settling  velocity  than  this  will  settle 
ugh  the  stream,  while  others  will  be  swept  out  of  the  vessel, 
treatment  is  simple  and  effective,  but  any  one  vessel  can  only 
material  into  two  fractions.  If  a  greater  division  is  required, 
ccession  of  vessels  of  increasing  cross-sections  would  have  to  be 
.  In  this  case  a  sized  fraction  would  settle  in  the  bottom  of 
vessel.  The  same  effect  is  sought  in  the  double-cone  classifier, 
:e  two  cones  of  equal  angle  are  placed  one  within  the  other  to 
ide  an  annulus  of  varying  cross-section.  The  feed  slurry  is  fed 
the  centre  cone,  and  escapes  from  a  hole  in  the  base  to  meet  a 
g  stream  of  clear  fluid  entering  through  the  base  of  the  outer 
.  As  the  suspension  rises  upwards  through  an  increasing 
i-section,  side  tappings  withdraw  fractions  of  finer  particles, 
cidentally,  it  may  be  noted  that  these  devices  all  minimize  the 
trials  handling  problem  of  size  separation,  because  the  solids 
landled  in  a  fluidized  state.  These  cases  have  all  assumed  the 
)f  liquids,  but  similar  conditions  may  be  imagined  in  which  air 
ther  gases  are  used,  particularly  when  very  fine  powders  are 
y  sized,  and  when  the  material  may  not  be  wetted.  Also, 
ial  effects  may  be  obtained  by  the  use  of  suspensions,  or  solu- 
5;  these  may  be  made  with  a  density  designed  especially  to 
rate  certain  particles. 

1  this  stage  of  the  argument  it  is  necessary  to  recall  that  a 
rence  in  the  terminal  settling  velocity  exhibited  by  particles 
common  fluid  may  arise  from  two  causes.  Either  they  may 
f  different  sizes,  or  densities,  or  both.  Thus,  various  problems 
it  arise.  Particles  of  equal  size  and  shape  but  different  density 
1  be  separated,  as  could  also  those  of  equal  density  but  different 
In  practice,  however,  the  most  general  problem  is  how  to  effect 
5  separation  of  particles  differing  in  size  and  density,  although 
are  of  practically  constant  shape.  If  impure  or  mixed  material, 
as  an  ore,  is  processed  in  a  crusher,  and  then  in  a  mill,  to  such 
xtent  that  the  discrete  particles  of  ore  and  bearing  rock  are 
the  result  wil1  be  a  mixed  product.  Unless  the  physical 
erties  of  the  two  substances  are  very  different,  the  final  product 

jontain  particles  of  both  substances  of  much  the  same  shape  and 
range.  r 

>w  if  this  material  is  subjected  to  a  process  of  elutriation 
in  complications  arise.  It  is  obvious  enough  that  it  is  possible 
wo  particles  of  differing  density  to  have  just  those  diameters 
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such  that  they  will  settle  at  the  same  speed.  Referring  to  p. 
this  requires  that — 


h'r  '  k"x  " 


Now,  if  shape  properties  are  comparable,  k  and  /  terms  ma; 
omitted,  so  that — 

‘*'S  _  Ps  Pf  .  ty_ 

Ps  —  Pf  V>" 


Or,  in  general,  two  particles  of  different  density  but  similar  sh 
will  settle  freely  at  the  same  terminal  velocity  when  their  sizer 

in  the  inverse  ratio  of  the  dei 
difference  between  the  particles  j 
the  supporting  fluid. 

Suppose  the  terminal  velocity 
range  of  particle  sizes  to  be  calcul 
for  two  materials  of  different  dei 
and  the  results  plotted  as  in  Fig. 
It  can  be  seen  that  two  partich 
equal  size  will  separate,  but  that  1 
of  equal  settling  velocity  have  a  ce 
size  ratio.  If  such  a  mixture 
treated  in  a  horizontal  separator 
Fig.  51,  p.  120,  the  following  frae 
would  be  obtained. 

1 .  Material  of  density  ps'  rangi 
size  from  aq  to  x2  would  be  four 
the  first  part  of  the  tank  bottom 


Fig.  52.  Velocities  of 
Settling  Pabticles 


2.  Material  of  density  pa'  and  size  range  x2  to  x4  and  mater 
density  ps”  and  size  range  aq  to  a:3  will  be  found  together  oi 
second  section  of  the  bottom. 

3.  Material  of  density  ps"  and  size  range  a*3  to  x4  will  be  foil 
the  third  zone,  or,  if  so  desired,  carried  completely  from 
apparatus. 

This  is  a  rather  idealized  picture,  of  course,  because  there  wi 
generally  be  such  a  sharp  division  between  fractions.  There 
any  practical  arrangement  some  difference  in  the  actual  ste 
position  of  particles,  and  also  some  degree  of  collision  with  th« 

of  the  vessel. 

Even  so,  however,  the  chances  are  that  the  process  as  oil 
would  yield  two  practically  pure  fractions  (of  different  size  n 
and  a  third  one  of  mixed  composition,  it  is  natural  that  par 
interest  should  attach  to  the  resolution  of  this  middle  it 

The  expressions  deduced  above  suggest  that  the  size  rangv 
which  particles  of  these  two  materials  can  have  ldentiea 
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•cities  might  be  varied  by  using  a  different  fluid  to  effect  the 
iration.  In  conditions  of  viscous  flow,  for  example,  the  ratio  ot 
sizes  which  will  settle  at  the  same  velocity  increases  as  pf  is 
eased  and,  conversely,  if  pf  is  decreased,  the  size  ratio  is 
•eased.  That  is  to  say,  any  two  particles  which  settled  in  the 
e  fashion  in  one  fluid,  would  probably  not  do  so  in  one  of 
•rent  densitv.  (We  say  'probably  because  it  might  occur  that 
"ould  chance  upon  such  a  combination  of  density  and  viscosity 
lges  that  they  would  still  settle  together.) 

is  not  always  convenient,  or  economic,  to  free  the  mixed 
tion  from  one  fluid  and  submit  it  to  a  further  settling  action  in  a 
i  one.  But  in  practice,  similar  results  are  obtained  by  retaining 
original  fluid  and  altering  the  conditions  from  free  settling  to 
lered  settling.  In  hindered  settling,  the  concentration  of  solid 
icles  in  the  suspending  fluid  is  so  high  that  particles  interfere 
collide  with  one  another.  The  result  is  that  the  mean  velocity 
i  which  particles  ot  a  certain  size  and  density  fall  is  slower  than 
Id  be  the  case  under  conditions  of  free  settling, 
he  mechanism  is  complex  and  difficult  to  treat  mathematically, 
a  workable  approximation  may  be  based  on  the  supposition 
solid  is  really  settling  freely  but  through  a  fluid  with  the  density 
le  suspension  itself.  Thus,  if  A  volumes  of  a  solid  of  density  ps 
>resent  in  B  volumes  of  a  fluid  of  density  pf,  the  sedimentation 
,  on  this  view,  be  considered  to  be  occurring  freely  but  in  a 

density  not  of  pf,  but  can  be  seen  that  if  B 


rge  compared  to  A,  that  is,  when  conditions  of  free  settling 
in,  this  expression  approaches  pf.)  Although  results  obtained 
the  aid  of  this  simplifying  assumption  are  not  entirely  correct, 
are  at  least  reproducable,  and  easily  obtained.  A  further 
Dment  along  these  lines  has  been  made  by  Egolf  and  McCabe. ( 32  > 
•actional  separations  by  sedimentation  are  invariably  linked  in 
ation  with  ultimate  sedimentation,  when  the  fluid-borne  solids 
finally  separated  in  preparation  for  subsequent  processing, 
same  considerations  of  settling  velocities  apply  to  this  con- 
ration  of  a  suspension  to  expel  excess  fluid.  The  apparatus 
loyed  is  simple,  well-known  examples  being  the  settling  cone 
the  thickener.  The  former  is  a  conical  vessel,  fitted  with  a  side 
.exion,  a  bottom  outlet  and  an  overflow  weir,  and  launded  on 
upper  edge.  The  slurry  is  fed  to  the  cone  through  the  middle 
.exion,  while  the  concentrated  sediment  is  removed  from  the 
r  one,  the  excess  fluid  passing  over  the  upper  edge.  The  machine 
d  at  such  a  rate  that  the  smallest,  lightest  particles  are  not 
ed  upwards  over  the  upper  edge.  At  the  same  time  it  is  necessary 
lsure  that  the  sediment  is  removed  at  the  proper  rate,  so  that 
neither  allowed  to  escape  in  too  thin  a  state,  nor  yet  allowed 
umpact  until  it  is  unmanageable.  A  float  valve  in  the  lower 
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end  may  be  loaded  so  as  to  rise  in  mud  of  the  desired  consiste 
while  sinking  into  the  seat  when  surrounded  by  less  concentr. 
material. 

The  thickener  makes  use  of  a  short  vertical  cylinder  as  a  ve 
Feed  slurry  is  introduced  through  a  central  feed  well,  and 
sediment  and  fluid  removed  by  a  central  off-take  in  the  H 
bottom,  and  a  top  launder  respectively.  The  tank  is  fitted  wi 
central  shaft  carrying  rake  arms,  which,  in  revolving  slowly,  c 
sediment  across  the  tank  bottom  to  the  central  off-take.  Ir: 
sedimentation,  it  is  obvious  that  hindered  settling  will  dev> 
sooner  or  later,  and  thus  the  rate  of  settling  continually  decre; 

Imagine  a  column  of  suspension  in  a  vertical  jar,  so  that 
total  height  of  the  fully  agitating  mass  is  initially  h,  while  at 
instant  the  upper  level  of  the  sediment  is  at  a  height  H.  Furi 
suppose  that  the  height  to  which  the  sediment  settles  afte 
infinite  time,  is  h0. 

Now  at  any  instant,  the  column  of  suspension  of  total  heigl 
may  be  supposed  to  be  made  up  of  ( H  —  h0)  volumes  of  fluid 
h0  volumes  of  solid.  The  instantaneous  density  of  the  suspen 
is  then — 

/  _  Ps  +  {H  —  K)Pf 


Now,  under  viscous  conditions  the  instantaneous  settling  velc 
will  be  represented  by  some  such  equation  as — 

u  =  k^2{ps  —  pf ') 


dH  I 

and  as  u  =  and  using  the  modified  form  for  p/  under  hind 

do 

conditions,  we  have — 


u 


dH 

dd 


-  L*  Y*  2 

s 


Kxs 2 


( 


If  no  appreciable  amount  of  solid  is  as  yet  actually  deposited  a 
bottom  of  the  tube,  an  expression  for  the  change  in  height  oi 
sediment  during  any  interval  of  time  may  be  obtained  by  rearrai 
and  integrating,  so — 


CHAPTER  VII 


Filtration 

ie  unit  operation  of  filtration  is  a  purely  physical  one,  by  means  of 
tich  solid  matter  is  recovered  from  a  liquid  suspension.  This  is 
complished  by  the  introduction  of  some  permeable  septum  upon 
fiich  the  solid  is  caught  while  the  liquid  passes  through.  As  this 
ocess  continues  the  solids  accumulate  in  the  form  of  a  cake, 
d  it  is  obvious  that  after  the  first  few  seconds,  the  septum 
comes  merely  a  support  for  the  cake,  which  is  then  the  filtering 
vice. 

Now  the  requirements  to  be  fulfilled  in  constructing  any  filtration 
^chine  are  centred  around  its  capacity,  the  rate  at  which  solid 
n  be  separated  from  the  fluid.  This  is  obviously  a  property  of  the 
iterial  being  processed,  as  well  as  of  the  machine,  but  in  general 
is  in  turn  revolves  about  the  rate  at  which  the  fluid  may  pass 
rough  the  system.  The  essential  difficulty  of  any  such  device  has 
en  hinted  at  above,  that  is  to  say  that  the  thickness  of  the  effective 
ptum  (and  thus  the  resistance  to  the  fluid  flow)  increases  as  the 
ke  forms. 

Let  a  simple  filter  be  imagined,  in  the  form  of  a  vertical  cylinder 
th  a  perforated  bottom  over  which  is  laid  some  convenient 
ptum,  such  as  a  circle  of  cloth  or  paper.  If  a  suspension  is  placed 
the  vessel,  filtration  will  proceed  under  the  force  of  gravity,  and  a 
id  cake  will  form  on  the  septum  while  clear  liquid  passes  through 
e  perforations.  But,  even  if  the  suspension  is  maintained  at  a 
ed  level  in  the  filter  so  that  the  filter  pressure  is  constant,  it  is 
mmon  knowledge  that  the  rate  at  which  clear  liquid  is  delivered 
11  steadily  decline.  The  flow  may  finally  practically  cease,  when 
would  say  that  the  filter  was  “clogged,”  but  what  has  really 
ppened  is  that  the  combined  resistance  to  fluid  flow  due  to  the 
ke  and  septum  is  sufficient  to  nullify  the  pressure  exerted  by  the 
ad  of  suspension.  By  draining,  and  removing  the  cake,  the  cycle 
uld  be  lepeated,  but  in  any  practical  machine  the  filtration  rate 
mid  have  become  uneconomical  long  before  this  point.  The  main 
[ficulty  of  the  engineer  in  assessing  filtration  problems  is  to 
preciate  the  factors  controlling  the  filtration  rate,  although  there 
3  often  contributing  problems  such  as  those  associated  with 
ndhng  or  heat  transfer. 

Particular  interest  therefore,  has  been  devoted  to  considerations 
the  structure  of  filter  cakes,  and  the  flow  of  liquids  within  them 
irly  work  was  based  on  the  analogy  with  fluid  flow  in  long,  narrow 
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capillaries,  and  Poiseuille’s  Law  for  these  conditions  was  modifi 
by  D'Arcy  in  1856  to  read — 


dV  PA 
dd  “  '  JH 


where 


dV 

dO 


=  rate  of  flow  of  filtrate  of  viscosity  [a  from  a  filter  ca 


of  thickness  L,  superficial  area  A,  under  a  total  pressure  P,  and  K 
some  constant  (a  property  of  the  cake). 

Poiseuille’s  Law  is  deducible  from  first  principles  in  the  form — 


dV  d2PA 
dd  32jnL 


where 


d  =  diameter  of  capillary. 


This  relationship,  however,  cannot  be  strictly  applied  to  fill 
cakes,  or  indeed  to  any  bed  of  packed  solid  particles,  because  t( 
length  of  the  capillary  passage  cannot  be  regarded  simply  as  tf 
thickness  of  the  bed,  nor  is  all  the  superficial  area  permeable.  T 
interstitial  spaces  in  such  a  bed  will  be  tortuous  and  comple 
Attempts  were  made  by  several  worker’s  to  modify  Poiseuille’s  Lj. 
by  substituting  particle  size  for  the  “capillary”  diameter,  and 
including  a  porosity  term  to  correct  the  superficial  area.  (Carman1 
gives  an  excellent  bibliography.)  All  the  formulae  had  in  comm 
the  general  form,  in  which  the  filtration  rate  is  directly  proportion 
to  P  and  A  and  inversely  proportional  to  L  and  /u. 

The  most  significant  contribution  to  modern  views  of  t 
mechanism  involved  was  that  put  forward  by  Kozeny  in  19- 
In  pointing  out  that  the  interstitial  space  was  a  complex  sha] 
largely  continuous,  rather  than  a  bundle  of  capillary  tubes,  Koze 
suggested  that  the  property  of  the  bed  or  cake  which  really  matter) 
was  the  amount  of  surface  (at  wdiich  friction  losses  could  occur) 
which  a  given  volume  of  fluid  was  exposed.  This  ratio  of  surfi 
per  unit  volume  of  pore  space  in  the  bed  is  analogous  to  the  sha 
factor,  or  hydraulic  radius  of  fluid  mechanics.  This  factor  f 
generally  presented  in  terms  of  the  specific  surface  of  the  so 
comprising  the  bed  s  and  its  porosity  e  (the  amount  of  free  volu 
per  unit  volume  of  bed).  The  factor  /  may  then  be  written  as 

f  _  «(1  ~  e) 

e 


Kozeny’s  formula  then  becomes — 

d_L  -  KP(Ae ) 

dd  ^Lp 

in  whicli  Ae  represents  the  actual  filtering  pores,  rather  than  « 
superficial  cake  surface.  Further,  it  will  be  noted  that  /  has  ■ 
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mensions  of  reciprocal  length  so  that  the  term  is  in  dimensions 

substitution  for  d2  in  Poiseuille’s  Law,  or,  substituting  loi  f2 

dV  PAe 3 

dd  “  A  1  -  e)2 

(Experience  shows  the  constant  K  to  have  the  value  0*2  or,  more 
nply,  we  have  D’Arcy’s  Law — 

|  dV  _  „  PA 

dft  ~  K  fiL 

f ^ 

lere  K  =  - - - 

0-2s2(l  -  e)2 


>w  6’  and  e  are  properties  of  a  particulate  system  which  may  be 
}ermined  in  advance,  and  so  enable  us  to  predict  its  probable 
laviour  in  filtration. 

The  constant  K  could  be  called  the 
>cific  conductance  of  the  cake, 
ng  in  dimensions  the  rate  at 
ich  filtrate  of  unit  viscosity  passes 
ough  a  unit  cube  of  cake,  under 
it  filtering  pressure.  It  is  sometimes 
mght  more  reasonable  to  speak  of 
!  specific  resistance  of  the  cake,  but 
3  term  is  the  reciprocal  of  the 
ter,  of  course. 

^ozenv’s  formula,  in  common  with 
developments  from  Poiseuille’s 
\v,  is  based  upon  a  fixed  filter  cake 
ckness  L ,  and  in  any  practical 
chine  in  which  cake  is  being  collected,  L  is  not  constant  but 
ncreasing  as  the  filtration  proceeds.  If  a  filtration  is  carried 
-  in  a  simple  filter  such  as  that  described,  and  the  total 
ount  of  filtrate  collected  at  any  instant  is  plotted  against  the 
Le  of  collection,  the  result  is  somewhat  as  in  Fig.  53.  This  is 
•ical  of  a  constant-pressure  filtration,  in  which  the  rate  of 
ration  gradually  declines.  Some  basis  can  be  deduced  for  this 
laviour  when  L  is  related  to  V.  Now  the  quantity  of  cake 
>osited  is  proportional  to  the  amount  of  filtrate  collected  when 
slurry  processed  is  of  constant  composition. 

’hen,  if  v  volumes  of  filtrate  deposit  v  volumes  of  cake— 

,  Vv 

l=t 


Fig.  53.  Filtration  Curve 
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dV  KPA 2 


and 


or 


dO 

dV  .  V  =  K 


fivV 
PA 2 


dd 


Integrating — 


fXV 

V2  KPA2 


2 


[XV 


0 


or 


0  = 


juv 


2  KPA2 


V2 


This  means  that  the  plot  of  V  against  0  is  a  parabola.  Further 

2  KPA2 

V2  is  plotted  against  0,  a  straight  line  of  slope - should  resi 


jUV 


This  would  be  of  particular  interest  and  value,  for  with  all  ot 
terms  in  the  group  known  in  any  experimental  run,  the  essen 
property  of  the  cake,  its  specific  conductance  K,  could  be  calculat 
In  point  of  fact  it  would  be  found  that  0  against  V2  does  not  giv 
straight  line  and  this  was  originally  interpreted  as  meaning  tha* 
was  not  constant.  Underwood  first  pointed  out  in  1926  that 
weakness  of  the  argument  lay  in  assuming  that  the  entire  resista 
to  the  passage  of  filtrate  lay  in  the  filter  cake ;  in  actual  fact,  sc 
part  of  the  resistance  lies  in  the  filter  cloth  or  paper,  and  alsc 

the  ports  and  channels  of  the  machine. 

The  position  may  be  clarified  by  assuming  that  the  total  nltrat 
pressure  P  is  comprised  of  two  parts.  One  is  the  pressure 
incurred  in  overcoming  the  resistance  of  the  machine  and  sej 
while  the  other  is  the  pressure  lost  in  overcoming  the  resistance 

the  cS/kc.  .  oil  i 

Let  the  resistance  of  the  machine  when  operating  on  a  nltrat' 

unit  viscosity  be  />',  so  that  with  the  present  filtrate  the  p 
resistance  is  iiR.  The  specific  conductance  of  the  cake  shall  be  1 
before.  Then  the  total  of  these  two  resistances  m  series  is 


R/n 


K 


j - when  cake  has  thickness  L 

/.iL 


Thus 


dV 

~dd 


PA 


P/Ll  + 


t iL 


K 


or,  as 


vV 

4 


dV 

dd 


PA2 


avV  A 

,ur  +  St- 
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Rearranging — 


PA*  1  KPA 2 


dV  =de 


Vncl  integrating  at  constant  pressure  P — 

. 

PAR  .  v  4  PvV*  =  a 
PA 2  +  2KPA2 


!>r 

Q 

rhus,  a  graph  of  p 
onstant  intercept 


juAB  jbivV  6 
TA2  +  2KPA2  ~  V 


against  V  is  a  straight  line  of  slope 


/.iAR 

TI2’ 


this  is  substantiated  by 


2 KPA*'  antl 
experiment. 


die  essential  step  of  this  argument  is  that  the  earlier  notion  of  a 
ingle  resistance  varying  as  the  cake  forms  has  been  expanded  into 
wo  resistances  in  series.  One  is  a  property  of  the  cake  and  varies 
Is  the  cake  forms,  but  the  other,  B,  is  a  function  of  the  machine, 
"'he  value  of  specific  conductance  found  from  the  slope  of  such  an 
xperimental  plot  may  be  used  in  deciding  the  area,  pressure,  and 
ake  thickness  to  be  used  in  dealing  with  any  slurry. 

As  a  matter  of  interest  it  may  be  noted  that  this  treatment  is 
ufficiently  rigorous  for  it  to  be  operated  in  reverse  as  a  standard 
aethod  for  determining  the  specific  surface  of  a  solid  bed.  A  fluid 
3  passed  through  a  bed  of  known  dimensions  under  measured 
onditions  and  from  the  observed  specific  conductance  the  specific 
urface  may  be  found,  for — 


K  = 


e3 

0-2LS2(l  -  e)2 


In  making  test  runs  on  filters  it  is  often  inconvenient  to  determine 
he  term  v  (the  volume  of  cake  deposited  by  unit  volume  of  filtrate) 
wolving  the  weighing  of  the  cake,  and  determination  of  the 
uid  content.  This  term  may  be  replaced  by  one  representing  the 
oncentration  of  solid  in  the  original  slurry.  Let  this  concentration 

emrb  -j  m1  lf  t,he  cake  formed  has  a  fluid  content 

i  lb  hquid/ib  solid.  Then  one  ft3  filtrate  deposits  c  lb  solid  in  a  cake 

rhich  also  contains  me  lb  liquid,  so  that  the  total  weight  of  the 
Xt  ^'the  filtrate— 'b6"  ^  ^  °f  the  Solid’  and 


Volume  the  cake  occupies 
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cm\ 


Now  this  is  deposited  by  |  1  — — j  ft3  filtrate, 


v  = 


c 

Ps 


cm 

Pr 


l 

Ps 


m 

Pi 


1  — 


cm 

Pf 


1 

c 


m 

Pf 


Where  ps,  pf  and  m  are  constant  for  any  run- 

v 


1  ^  m  -f-  v 

Ps 


pf 


may 


II 


With  this  adjustment  the  slurry  feed  concentration  c 
substituted  for  the  term  v. 

The  specific  conductance  K  of  a  certain  cake  is  generally 
property  of  the  shape  and  arrangement  of  the  solid  particles.  It 
quite  possible  for  different  values  of  K  to  be  found  when  operatin 
at  differing  pressures,  for  a  change  in  pressure  could  alter  eithe 
shape  or  arrangement.  Soft  floes,  or  curds,  would  naturally  1 
deformed  under  higher  pressures,  while  at  the  same  time  inte 
stitial  porosity  might  be  decreased  by  compacting,  even  with  rigii 

particles. 

Thus  some  cakes  are  described  as  being  compressible,  becau 
ttufir  specific  conductivity  is  less  when  formed  at  higher  pressure 
than  when  formed  at  lower  ones.  For  example  gelatinous  ferr 
hydroxide  filtered  at  100  lb/in.2  has  only  a  third  of  the  specif 
conductivity  it  has  at  25  lb/in.2.  On  the  other  hand,  some  materia 
produce  cakes  that  are  virtually  incompressible.  J or  instance 
calcium  carbonate  has  almost  exactly  the  same  specific  conductan 
whether  formed  at  a  high  pressure  or  a  low  one. 

In  examining  the  range  of  filters  available  it  must  be  borne 
mind  that  the  majority  of  the  machines  employed  to-day  we 
gradually  developed  in  application  before  the  theoretical  aspec* 
of  the  subject  had  been  investigated.  These  machines  remain 
use  because  they  have  developed  in  such  a  way  as  to  have  particu 
advantages  in  some  process.  It  is  often  found  when  such  mstanc. 
are  examined,  that  it  is  not  so  much  any  filtration  feature 
the  reason  for  some  machine  being  favoured  in  a  certain  applicat 
but  something  concerned  with  the  materials  handling 
problems  Thge  pure  essential  of  a  filter  is  that  dshall  prov.de  ' 

chamber  to  hold  the  cake,  and  a,  septum  UP°"  mentis  prond.J 
formed.  We  shall  now  see  how  this  simple  lequn  1  1 

in  several  typical  machines. 
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!ox  Filters 

These  machines  are  the  counterpart  of  the  simple  model  intro- 
luced  on  p.  125  for  the  purposes  of  exposition.  They  consist  ot  a 
vertical  chamber  or  box  (usually  cylindrical)  the  bottom  of  which 
L  perforated,  and  acts  as  a  support  for  the  septum.  This  septum 
nay  be  of  cloth,  paper,  glass  wool,  or  a  bed  of  graded  sand  or 
hippings.  The  box  may  be  open  or  closed,  while  the  filter  may  be 
operated  with  the  feed  slurry  maintained  at  a  constant  level,  or  by 

Rowing  a  fully-charged  filter  to  drain. 

Now  such  machines  are  simple  to  construct  and  operate,  but  they 
Lave  limited  filtering  surface,  and  the  solid  matter  is  not  easily 
ecovered  from  the  septum  (especially  when  this  is  sand,  or  activated 
harcoal).  Where  large  quantities  of  liquid  containing  small 
mounts  of  worthless  solid  are  to  be  clarified,  these  machines  may 
>e  used,  for  they  may  then  operate  for  long  periods  before  becoming 
logged  with  cake.  Similarly,  the  simplicity  of  the  design  makes 
b  very  suitable  for  use  in  corrosive  conditions,  for  it  may  readily  be 
nade  in  non-metallic  materials.  On  the  other  hand,  if  the  amount 
f  solid  is  large,  the  filters  will  have  to  be  extremely  large  in  order 
o  maintain  any  reasonable  filtration  rate,  and  so  they  become  a 
3ss  attractive  proposition.  This  is  also  true  when  the  cake  is  of 
ome  value,  for  it  is  not  possible  to  remove  it  from  box  filters 
without  a  good  deal  of  waste. 


toss  Filters 

A  natural  development  of  the  box  filter  is  that  group  of  machines 
mown  as  chamber  presses.  A  press  is  made  up  of  a  number  of  leaves 
>r  plates,  each  of  which  is  in  the  form  of  a  disc  with  concave  faces 
vbich  are  ridged  in  some  fashion,  and  is  fitted  with  lugs  engaging 
he  side  bars  of  the  press,  and  has  a  central  hole  which  passes  over 
*  feed  pipe,  which,  with  the  side  bars,  is  fixed  in  a  solid  head. 
£ach  plate  is  fitted  with  a  drain  hole  at  the  bottom  which  leads  to  a 
ap  or  valve.  Before  assembly,  the  plate  is  covered  with  a  piece  of 
ilter  cloth,  or  paper,  which  also  has  central  holes,  and  these  are 
ecured  at  the  centre  of  the  plate  with  grummets.  The  covered 
date  is  then  placed  on  the  side  bars,  so  that  the  feed  pipe  passes 
hrough  the  central  hole.  When  a  series  of  such  plates  are  placed  on 
he  press  and  the  latter  is  closed  tightly,  their  opposing  concave 
aces  form  a  series  of  chambers  lined  with  the  filter  cloth  supported 
>n  the  ridges  of  the  plate.  Now  if  the  centre  pipe  has  ports  so 
paced  as  to  coincide  with  these  spaces,  feed  slurry  may  be  pumped 
'long  the  tube,  and  into  the  chambers.  The  cake  can  then  form  on 
>oth  faces  and  the  filtrate  will  pass  through  the  cloth  and  trickle 
jlown  the  plate  until  it  reaches  the  outlet  cock.  These  presses  can 
be  made  with  plates  of  varying  diameter  and  with  a  greater  or  lesser 
legree  of  concavity,  so  that  they  may  be  designed  to  have  various 
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cake  capacities.  The  design  is  fairly  simple  and  so  has  economic 
attractions. 

A  similar  machine  is  the  plate -and-frame  filter  press,  in  wliicl 
the  dual  function  of  the  chamber-type  plate  is  broken  down.  Thut 
the  role  of  the  septum  support  is  taken  by  the  plate,  while  the 
frame  forms  the  chamber.  These  units  are  generally  square  03 
rectangular  in  shape,  and  the  slurry  inlet  is  then  located  in  one  0 
the  upper  corners  of  the  press  head.  This  inlet  coincides  with  b 
similarly  located  hole  in  each  of  the  plates  and  frames.  In  th« 
frames  only,  this  slurry  passage  is  vented  into  the  central  space 
while  in  the  plates  no  such  provision  is  made.  Similarly,  the  plate: 
only  are  provided  with  core  holes  and  a  discharge  cock  at  the  lowe 
corner,  no  such  arrangement  existing  on  the  frames. 

The  press  is  assembled  by  placing  a  frame  and  a  plate  alternately 
on  the  side  bars,  and  covering  both  sides  of  each  plate  with  a  filte 
cloth  and  paper  before  closing  the  whole  tightly.  If  slurry  is  thei 
pumped  into  the  upper  corner,  it  can  find  its  way  into  the  frames 
and  the  filtrate  will  pass  through  the  cloths  on  either  side,  dowi 
the  face  of  the  plates,  and  out  through  any  drain  cocks.  The  cake 
will  thus  build  up  on  both  sides  of  the  frame,  until  eventually 
they  meet  in  the  middle,  when  filtration  ceases. 

In  this  simple  press,  plates  of  various  thicknesses  may  be  usee 
to  provide  different  cake  capacities,  and  it  is  thus  more  flexible  than 
the  chamber  press  while  still  retaining  much  of  its  simplicity. 

Now  a  feature  of  both  these  machines  is  that  the  formed  cak. 
may  be  washed  only  by  introducing  solvent  through  the  slurr. 
inlet.  This  type  of  washing  is  called  displacement  washing,  becaus; 
it  is  supposed  that  the  wash  liquor  is  forced  down  the  channel 
through  which  the  slurry  was  passing  at  the  instant  that  filtratio 
ceased.  Now  it  might  be  imagined  that  if  the  cake  were  quit 
incompressible  and  open  this  could  be  true,  and  that  the  was 
liquor,  if  carefully  introduced,  would  push  the  remaining  filtrat 
before  it.  It  is  a  fact  that  under  careful  experimental  condition 
it  is  possible  to  displace  some  filtrate  of  maximum  concentration  1 
this  fashion,  indicating  that  the  filtrate  is  displaced  by  the  was 
rather  than  mixed  with  it.  However,  in  most  practical  condition* 
cakes  are  sufficiently  compressible  for  there  to  be  a  considerabl 
amount  of  filtrate  locked  up  in  the  cake,  principally  in  cavitie 
formed  by  the  blockage  or  collapse  of  entire  channels  It  is  obvioi 
that  displacement  washing  will  not  be  so  successful  under  thee- 
conditions,  and  where  complete  washing  is  desired  the  chain  ( 
press  and  simple  (or  non-washing)  plate -and -frame  press  are  at 


dl1 The 1 difficulty  has  been  met  in  the  case  of  the  plate-and-fram 
press  by  the  introduction  of  a  new  element,  the  washing ■  P  " 
This  is  in  every  way  identical  with  the  ordinary  plate,  with  ti 
addition  of  a  wash-liquor  channel,  usually  placed  in  the  remain 


FILTRATION  A*^ 

per  corner  (a  feature  which  must  be  reproduced  in  all  the  other 
ites  and  frames  in  this  type  of  press),  and  the  washing  plates  are 
3  only  plates  which  have  access  to  this  channel.  The  press  is 
ambled  as  before  but  every  other  plate  is  a  washing  plate. 

The  operation  of  the  washing  press  when  filtering  is  just  as 
scribed  for  the  non-washing  press,  for  all  the  plates  work  alike, 
lien  the  filtration  is  complete,  the  feed  connexion  is  closed,  the 
,sh  connexion  opened,  and  the  outlet  cocks  on  all  the  washing 
ites  are  closed.  When  the  wash  licpior  is  fed  to  the  press,  it  enters 
rough  the  tops  of  the  washing  plates,  passes  through  the  cloth, 
ht  through  the  cake  in  the  frame,  and  finally  through  the  cloth  on 
3  opposite  side  and  down  the  face  of  the  non-washing  plate.  The 
,sh  liquor  thus  follows  an  entirely  different  path  from  the  filtrate, 
d  in  fact  the  cake  is  considerably  disturbed  and  agitated  while 
,shing.  While  this  means  that  washing  may  be  much  more 
mplete  than  in  the  displacement  method,  it  results  in  a  mixed  or 
uted  effluent.  Further  the  washing  rate  is  much  reduced,  for  the 
ective  filtering  area  is  halved,  while  the  cake  thickness  is  doubled. 
The  various  plates  and  frames  in  use  are  generally  distinguished 
means  of  small  knobs,  or  countersunk  holes,  according  to  the 
lowing  system — 

Plain  or  non-washing  plate  .  1  knob  or  hole 

Frame  (of  any  size)  .  .  2  knobs  or  holes 

Washing  plate  .  .  .3  knobs  or  holes 

us  a  non-washing  press  would  be  assembled  according  to  the 
lowing  system:  Press  head — 2121212,  etc.  In  both  filtering 
cl  washing  the  liquid  enters  on  2  and  leaves  from  1.  A  washing 
*ss  on  the  other  hand  would  be  assembled:  Head — 3212321232, 
:.  In  filtering,  slurry  enters  on  2  and  filtrate  leaves  from  1  and  3. 
washing,  solvent  enters  on  3,  passes  through  2  and  leaves  from  1. 
All  these  presses  have  the  advantages  of  simplicity  of  design,  and 
>h  cake  capacity,  and  the  disadvantage  of  handling  difficulties 
the  discharge  of  the  press. 

dther  filters  besides  the  press  have  been  developed,  generally 
attempts  to  overcome  the  handling  problems  of  that  simple 
chine.  These  designs  call  for  modification  in  the  provision  of  the 

ering  surface,  and  are  of  two  main  types — leaf  filters,  and  rotary 
im  filters. 


if  Filters 

The  essential  feature  of  these  machines  is  that  the  septum  is 
iported  on  individual  “leaves.”  These  are  generally  in  the  form 
discs  of  expanded  or  crimped  metal,  enclosed  between  perforated 
.tes  edged  with  a  strong  hoop  of  U  iron,  and  fitted  With  a  per- 
ated  oil -take  pipe.  In  the  Sweetland  filter  manv  such  leaves 
fixed  vertically  m  a  split  horizontal  pressure  vessel  and  connected 


134  AN  INTRODUCTION  TO  CHEMICAL  ENGINEERING 


to  a  manifold  by  their  off-take  pipes.  The  filter  cloth,  in  the  fon 
of  bags,  is  secured  over  the  leaves.  Feed  slurry  is  forced  into  t 
closed  vessel,  and  the  cake  thus  forms  on  the  outside  of  each  let; 
and  the  filtrate  flows  into  the  manifold.  The  filtration  rate  falls  c 
sharply  when  the  cakes  on  neighbouring  leaves  touch,  and  at  til 
stage  the  feed  slurry  is  cleared  from  the  shell  and  the  pressu 
relieved.  The  shell  is  then  opened  so  that  a  tray,  or  truck,  may 
slid  beneath  the  leaves  which  are  then  slightly  inflated  so  as 
displace  the  cake.  The  shell  is  then  closed,  and  filtering  recoi 
menced.  While  the  operation  is  intermittent  as  in  the  filter  pre? 
the  discharging  of  the  cake  is  more  readily  carried  out  and  the  we 
and  tear  on  the  cloths  is  much  less.  Washing  can  only  be  carri: 
out  by  displacement,  of  course. 

Rotary  Drum  Filters 

This  design  rationalizes  even  further  the  handling  problem  of  t! 
filter,  and  results  in  a  continuously  operating  machine.  T 
majority  of  these  machines  are  vacuum  filters  and  thus  operate 
filtration  pressures  of  less  than  one  atmosphere.  As  their  nai 
suggests,  these  machines  provide  a  filtering  surface  in  the  form  oi 
cylinder  or  drum.  This  drum  is  caused  to  rotate  while  partia 
immersed  in  a  bath  of  feed  slurry,  and  when  vacuum  is  applied 
the  interior  of  the  drum  the  cake  forms  on  the  outer  surface  wh 
the  filtrate  is  extracted  from  the  inside.  As  the  formed  cake  emer£ 
from  the  feed  bath  it  may  be  washed,  slightly  dried,  and  fina 
loosened  and  removed  by  a  knife  before  the  drum  re-enters  the  fa 

bath.  ,  ,  . 

As  the  filtering  pressure  is  restricted,  the  cake  formed  is  trnni 

than  in  other  machines,  but  a  much  larger  effective  area  for  filtrate 

is  secured  by  the  rotation  of  the  drum. 

It  will  be  observed  that  the  virtues  of  these  alternative  types 
filters  are  largely  connected  with  the  handling  problem  involv 
rather  than  with*  any  special  features  of  the  filtration  itself,  althoi 

the  washing  properties  are  not  unimportant. 

Thus  the  recovery  of  a  valuable  solid  product  trom  a  not 
concentrated  slurry  could  be  cheaply  and  effectively  carried  out 
a  filter  press.  The  problems  where  washing  is  very  important 
likewise  properly  handled  in  the  washing  presses. 

When  the  amount  of  solid  to  be  removed  is  large,  or  the  sp 
resistance  of  the  cake  is  high,  so  that  frequent  discharge  is  necessa 
other  types  of  filter  are  favoured. 


CHAPTER  VIII 


Diffusional  Processes 

he  purpose  of  this  chapter  is  to  serve  as  a  general  introduction  to 
le  mechanism  of  mass  diffusion.  The  basic  processes  of  handling, 
jating,  subdivision  and  mixing  have  been  discussed,  together  with 
Lose  simple  operations  in  which  matter  is  separated  without  any 
lange  of  phase. 

The  remaining  unit  operations  all  involve  some  change  in  phase, 
id  thus  matter  is  caused  to  pass  across  a  phase  boundary  or  inter¬ 
ne,  to  a  greater  or  lesser  degree.  Certain  considerations  are 
immon  to  all  these  different  unit  operations,  and  it  is  these  general 
ltlines  which  will  be  traced  in  this  discussion. 

Diffusional  transfer  has  long  been  recognized  as  taking  place 
iroughout  a  mass  of  fluid  containing  more  than  one  component ; 
id  solutions  of  the  problem  based  upon  the  Kinetic  Theory  have 
?en  provided  by  several  workers.  For  instance,  Maxwell  advanced 
e  following  argument  for  diffusion  in  a  gaseous  mixture  of  two 
mponents. 

Consider  a  mixture  of  gases  A  and  B  in  which  one  component, 
y  A,  is  diffusing  along  a  certain  axis  x. 

Now  the  resistance  experienced  by  a  single  molecule  of  A  in 
ffusing  along  the  axis  is  dependent  upon  the  number  of  molecules 
B  through  which  it  passes  in  so  doing,  as  well  as  the  relative 
locity  with  which  it  passes.  Thus  in  any  volume  of  gas  the  resis- 
nce  experienced  by  each  of  several  molecules  of  A  in  diffusing 
3ng  x  is  influenced  by  these  factors,  and  so,  the  outward  sign  of  the 
sistance,  a  drop  in  partial  pressure,  may  be  equated  to  these 
Tiables,  i.e. — 

dPj  QC  PaPb(ua  ~  ub )  •  dx 

lere  pA  and  pB  are  the  moles  of  A  and  B  in  unit  volume,  and  u  4 
Ld  uB  are  the  velocities  of  A  and  B  along  the  a;  axis. 

—  dp A  =  KabPaPb{ua  —  uB)  .  dx 
iere  Kab  is  some  proportionality  constant,  or — 

-  dpA  =  ^  (NaPb  _  NbPa)  .  dx 


iere  NA  and  NB  are  the  number  of  moles  oi  A  and  B  respectively 
Changed  across  any  surface  S  at  right  angles  to  the  x  axis,  in 
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Also,  partial  pressures  (pA,  pB)  may  be  substituted  for  partia 
molar  concentrations  ( pA ,  pB)  for,  by  Dalton’s  Law — 

Pa  =  Part 

and,  Pb  =  Pbrr 


when  T  is  the  absolute  temperature  of  the  system. 

K 


Then, 


-  dp  a  = 


AB 

RTSd 


(NbPa  -  naPb)  ■  dx 


Now  if  only  A  is  diffusing,  so  that  pB  is  sensibly  constant  at  sorr 
average  value  pB{av)>  and  further  NB  =  0,  then — 

7  K ab^  aPb(clv) 

-  = - RT6S - 

Integrating  between  two  concentrations  of  A,  pAl  and  pAi,  over 
definite  depth  of  fluid  x — 

fCu  J  KAB^  aPb(ov)  [X,]„ 

J  dp  a  =  wes  J0 

JA  2 

l  \  diAB^  aP B(av)  .  T 

or  (Pax  Pa J  -  rtqS 

The  rate  of  transfer  of  A,  in  moles  per  unit  time  is  given  by 


N 


A  


RT 


~S{pAl-  PAt) 


0  KaBXPb(civ) 

in  which  the  group  may  be  replaced  by  a  coefficie 

Dab  termed  the  diffusivity  (in,  for  example,  lb  moles  A/ft  /hr/al 
partial  pressure)  so  that — 

N  a  D  a/  x 

-f  =  *  S(PA‘  ~  VA'] 

It  is  perhaps  not  too  useful  to  prolong  arguments  concerning^ 
validity  of  various  assumptions,  for  what  really  matters is  the it 
that  all  these  arguments  predict  that  the  rate  at  which  1  “  j 

any  component  takes  place  may  be  represented  by  an  equatio 

the  type— 

=  KA  .  (Ac) 
cW 
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3re  Ac  =  the  difference  in  concentration  of  the  diffusing  com¬ 
ponent  over  the  diffusing  zone, 

A  =  the  cross-sectional  area  over  which  the  diffusion  takes 
place, 

K  =  a  diffusion  coefficient. 

will  be  noted  that  this  rate  equation  is  similar  to  that  governing 
rate  of  heat  transmission  by  conduction  or  convection.) 

.s  in  heat  transfer,  the  nature  of  the  constant  K  depends  upon 
physical  properties  of  the  fluid,  as  well  as  the  dynamic  and 
metric  properties  of  the  system.  If  the  concentration  driving 
e  is  to  be  maintained,  it  must  be  supposed  that  the  diffusing 
iponent  is  being  supplied  and  removed  at  some  constant  rate. 
Lgine,  for  example,  some  water-soluble  gas  such  as  ammonia, 
ed  with  air,  and  in  contact  with  a  layer  of  water.  The  process 
ilts  in  ammonia  dissolving  in  the  water,  and  the  mechanism  is 
asional ;  ammonia  gas  diffuses  through  the  inert  gas  (air)  up  to 
interface,  and  then  dissolves  in  the  water.  Further,  the  more 
3entrated  layer  of  ammonia  solution  formed  at  the  interface 
1  diffuses  ammonia  into  the  bulk  of  the  liquid  layer, 
here  is,  therefore,  a  dual  diffusion  taking  place,  and  if  the 
rface  conditions  remain  steady,  the  diffusion  rates  through  each 
se  must  be  equal,  so  that — 

dN-flji 

=  ‘  ^i(Ca  Cjg)  —  K Cj) 


re  Kg  and  Kt  are  gas  and  liquid  diffusion  coefficients, 
cg  and  Ci  are  bulk  gas  and  liquid  concentrations, 
cig  and  cti  are  gas  and  liquid  interface  concentrations. 


erally  cig  and  ctl  are  equilibrium  values,  related  by  Henry’s  or 
ult’s  Law. 

the  gas  and  liquid  were  made  to  flow  in  some  given  direction, 
resulting  turbulence  in  both  phases  would  produce  so  much 
ing  as  to  limit  the  actual  diffusion  zone  to  the  boundary  layer, 
s,  conditions  become  similar  to  those  encountered  when  heat 
'mg  transferred  by  convection. 

ie  diffusion  coefficients  may  be  expressed  in  terms  of  the 
‘opriate  properties  of  the  system,  which  are  dynamically 
ar  to  those  encountered  in  heat  transmission,  except  that  the 
mal  conductivity  term  is  replaced  by  diffusivity. 
the  flow  is  laminar,  or  the  layers  are  virtually  stationary,  the 

es  of  the  diffusion  coefficient  K  is  where  Z)NH.  is  the 


X 


sivity  of  ammonia  and  x  is  the  thickness  of  the  stagnant  layer. 
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Then  the  rate  equation  is  in  this  case  exactly  analogous  to  h 
transfer  by  conduction,  being  of  the  form — 


dN$  h3  Dnh, 


dd 


x 


A  .  (Ac) 


When,  however,  the  flow  is  turbulent,  the  diffusion  coefficien 
dependent  upon  other  variables,  as  in  the  case  of  convect 
coefficients.  Indeed,  dimensional  analysis  leads  to  an  analog 
result,  yielding  a  grouping  of  the  variables  in  the  following  form 


Kd 


D 


=  r 


where  d  is  some  dimension  of  the  agitated  system,  and  the  ot 
symbols  have  their  usual  meanings. 

'  The  example  chosen  is  in  fact  a  simple  instance  of  the  ' 

_  -a  ,  •  1  I  1  *  O’  *  1 _ _  _  I-  m  a  /-i  /“\  ft  4" 


operation  of  gas  absorption,  but  diffusional  mechanisms  are  at  w 
in  many  other  processes.  When  a  liquid  evaporates  into  a 
stream  it  must,  in  doing  so,  diffuse  from  the  interface.  Who 
crystal  dissolves  or,  conversely,  is  formed,  solute  must  move  fi 
or  to,  the  solid  surface.  When  a  solute  is  extracted  from  its  solu 
in  a  liquid  by  contact  with  a  second,  immiscible  solvent,  then  it  n 
diffuse  towards  the  interface  in  one  layer,  and  away  from  it  in 
other.  Other  examples  of  diffusional  phenomena  in  the  unit  op 

tions  are  not  hard  to  find. 

In  evaluating  such  processes,  we  recall  the  simple  rate  equa 


dW 


dd 


A  =  KabA(\c) 


Thus  to  assess  the  rate  at  which  component  A  may  diffuse  from 
phase  to  another  we  are  concerned  to  know— 

(i)  The  “diffusion  coefficient,”  for  the  particular  system 

active  (or  diffusing)  and  inert  components  contacted  in  s 

fashion.  This  is  in  part,  at  least,  a  property  oi  the  particulai  mi 
device  selected,  and  so  is  usually  determined  by  direct  expeii» 
rather  than  by  prediction  from  the  physical  properties  of  the  pi. 

,nSte  effective  contact  or  interfacial  area  across  which 
diffusion  is  taking  place.  This  again  is  seWom  exactly  know 
engineering  equipment.  However,  in  the  appaiatus  capa 
handling  the  contacting  materials  to  the  best  advantage 
is  made  as  great  as  possible  by  size  reduction,  and  maintained 

""ti'?  practical  difficulties  of  measuring  both  these  terms  in. 

such  plant  means  that  their  product  is nl"™al-7i s  tfte Teas! 
pxneriment  Further  in  the  evaluation  of  plant,  it  is  one 
speak'hTterms  of  the  volume  rather  than  the  mterfac.al  area. 
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in  representing  this  interfacial  area  per  unit  volume  ol  contacted 
tem  may  be  introduced.  Thus,  k gA  is  replaced  by  (k 0a)V,  where 
the  effective  interfacial  area  per  unit  volume, 
low  in  examining  data  from  a  given  experiment,  it  is  a  fairly 
pie  matter  to  extract  the  product  k ga,  but  more  difficult  to 
g,rate  them.  Thus  in  industry  much  use  is  made  of  these 
fficients  and  it  should  be  appreciated  that  they  are  in  part  a 
ction  of  the  diffusional  properties  of  the  components,  but  also 
mction  of  the  particular  machine  producing  the  interface.  Thus 
noted  value  for  k ga  for  a  particular  absorption  on  a  certain 
er  packing  cannot  be  assumed  to  apply  to  other  systems  con- 
red  on  the  same  packing,  or  the  same  system  in  another  mixing 
ice. 

ii)  The  effective  concentration  driving  force  across  either 
ndary  layer  must  be  known.  This  involves  some  knowledge  of 
instantaneous  interface  conditions.  This  is  in  fact  a  similar 
blem  to  that  encountered  in  heat  transfer  by  convection,  when 
film  convection  coefficients  are  available,  but  the  interface 
perature  is  unknown. 

„  similar  convention  may  be  used,  namely  the  “overall  mass 
isfer  coefficient,”  compounded  from  the  individual  coefficients. 
3  enables  the  overall  concentration  difference,  or  that  existing 
veen  the  bulk  conditions,  to  be  used  in  the  calculation. 

Ixtending  the  example  of  the  ammonia  absorption  by  these 
ns — 

^  Cia)  =  Kj-d  i(Cn  Ci) 

(Kyft)  .  I  .  (cg  Cig)  —  (KjGP-)  \  ( Cll  Cj) 

=  ( Ka )  .  V  .  ( Cg  —  ct) 

1  1  ,  1 

1*0  _  —  _  1  _ 

{Ka)  (Kffa)  (Kia) 

i  later  chapters  it  will  be  seen  how  determinations  of  such 

all  coefficients  are  used  to  solve  problems  entailing  the  transfer 
latter. 


CHAPTER  IX 


Solution  and  Crystallization 

As  an  example  of  a  diffusional  process  consider  the  general  case  « 
completely  soluble  solid  being  dissolved  in  a  liquid.  It  may 
imagined  that  a  certain  equilibrium  is  to  be  attained,  either  w 
all  the  available  solid  is  dissolved,  or  alternatively,  when 
solution  is  saturated  and  any  remaining  solid  will  not  then  dissc 
(unless  fresh  solvent  is  added  or  the  temperature  is  changed), 
present  argument  will  attempt  to  show  how  the  rate  at  which 

equilibrium  is  attained  may  be  fixed. 

The  process  of  solution  is,  of  course,  a  diffusional  one,  and 
may  suppose  that  any  single  particle  of  solute  is,  in  the  prese 
of  solvent,  clothed  in  an  extremely  thin  layer  of  solution  sature 
at  the  temperature  of  the  system.  Thus  a  concentration  differe 
exists  between  the  layer  of  solution  immediately  in  contact  with 
solid,  and  the  surrounding  bulk  solution.  In  a  completely  c 
system  this  concentration  difference  might  persist  over  quite  Is 
distances,  but  if  mechanical  agitation  is  introduced,  the  resul 
turbulence  and  mixing  in  the  solution  restricts  this  difierence 
small  layer  or  “film.”  At  any  instant,  the  rate  of  diffusion  t 
the  solid  into  the  bulk  solution  may  be  represented  by  the  equatic 

=  .M(CS-C,) 


where  A  =  exposed  surface  of  the  solid, 

0  =  saturated  concentration  at  temperature  of  the  sohr 
C,  =  actual  bulk  solution  concentration, 

K,  =  the  diffusion  coefficient  for  the  system  on  a  suit 
basis. 


In  order  that  the  rate  of  solution  shall  be  as  rapid  as  possib 
nrocess  design  must  therefore  ensure  certain  things. 

P  Firstly,  that  the  introduced  solid  shall  possess  a  huge  sur 
—secured  by  size  reduction  if  necessary— generally  measured  a., 
soecific  surfoce  of  the  solid.  Also  this  surface  must  be  proj 
utilized ;  that  is  to  say,  the  individual  particles  must  be  susp 
in  the  solvent  by  means  of  suitable  agitation. 

Secondly,  this  agitation  should  also  be  designedso  aster 
in  a  high  value  for  the  diffusion  coefficient  It  is 
recall  that  on  p.  0f>  mention  was  made  of  certain  work  w 
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as  indicated  that  the  parameters  representing  the  state  of  agitation 
l  a  mixer  could  be  written  as — 


here  N  =  revs/unit  time, 

d  =  diameter  of  the  vessel, 
p  =  density  of  the  mixer  contents, 
a  =  viscosity  of  the  mixer  contents, 


id  that  the  power  consumption  was  related  to  this  parameter. 

Similar  suggestions  have  been  made  that  the  diffusion  coefficient 
i  such  an  agitated  system  is  likewise  related  to  this  parameter, 
ormulae  have  been  developed  (34> 35)  relating  the  dimensionless 
mips  in  a  familiar  form — 


Kxd 

ir  =  y 


b 


here  Kt  =  mass  diffusion  coefficient  lb/ft 2/hr/(lb/ft3) 
d  =  diameter  of  vessel, 

D  =  diffusivity  of  solute  in  solvent, 
ju  —  viscosity  of  solution, 
p  =  density  of  solution. 


he  following  values  for  y,  and  a  and  b  have  been  found  (Hixson 
id  Baum)(34) 


y  =  0-00027, 

a  =  1-4, 

b  =  0-5, 

when  ^Lp.  <  67,000 
P 

y  =0-16, 

a  =  0-62, 

b  =  0-5, 

when  ^-R  >  67,000 
P 

An  interesting  confirmation  of  this  latter  formula  has  been 
und  by  the  same  workers*  34>  when  agitating  sized  particles  of  a 
ozen  liquid  in  the  liquid  itself.  In  this  case,  of  course,  there  can 
no  concentration  difference,  but  the  latent  heat  of  fusion  must 
removed  by  convection.  The  heat-transfer  coefficient  can  be 
aluated  in  an  equation  of  the  usual  form,  namely _ 


hd 

T 


=  r 


here  y  =  0-2,  a  =  0-62  and  6  =  0-5,  when  — ^  >  67  000 

/ i  *  ’ 

k  =  thermal  conductivity  and  other  symbols  have  their 
usual  meaning. 
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Now  this  is  interesting  in  that  the  coefficients  are  so  very  simili 
in  both  diffusion  and  convection,  but  also,  by  dividing  one  equaticr 
by  the  other,  the  mass  transfer  and  heat  transfer  are  shown  to  1 
related  in  the  form — 


K 


h 


-1  =  0-8 


D 

pCJc 


0-5 


Thus  the  ratio  between  these  two  rate  coefficients  is  shown  to  l| 
a  function  of  the  physical  properties  of  the  film,  and  this  ratio 
independent  of  the  state  of  agitation  in  the  system.  Should 
dissolution  of  a  solid  be  attended  by  any  measureable  heat  effe  i 
(heat  of  solution)  it  will  be  useful  to  know  this  relationship. 

Finally,  rapid  solution  can  be  encouraged  by  any  means  tendii  i 
to  increase  and  maintain  the  concentration  driving  force  across  tJ 
film  on  the  surface  of  the  solid.  Agitation  in  the  system  w1 


encourage  this  by  preventing  the  concentration  rising  above  tl 
bulk  value  on  the  outside  of  the  film.  Also,  increases  in  C~  tl 


s> 


ti; 


saturated  solubility  on  the  solid  surface,  may  be  obtained  1 1 
alteration  in  the  temperature  at  which  the  dissolution  takes  plaq 
But  in  any  case,  the  concentration  driving  force  will  not  be  stead 
during  the  dissolution  process,  for  while  Gs  will  remain  steady  if  t  < 
process  is  isothermal,  the  bulk  concentration  (  i  will  stead! 
increase  from  zero  to  the  final  desired  concentration. 

In  calculations  for  the  design  of  such  equipment,  therefore  j 
mean  driving  force  must  be  used.  In  presenting  dissolution  of  soln 
as  a  process  controlled  from  purely  diffusional  considerations, 
must  be  made  clear  that  this  is  in  a  measure  a  simplified  vie-i 
There  is  evidence  to  suggest  that  part  of  the  resistance  m  such, 
case  is  connected  with  energy  of  activation  required  to  free 
molecule  or  ion  from  a  solid  lattice,  and  place  it  m  the  form  ol 
solution.  Once  this  solution  is  formed,  the  transference  of  sofe 
to  other  parts  of  the  surrounding  solvent  is  a  diffusional  matt 
but  this  prior  activation  is  largely  an  unknown  quantity  m  practi. 
work  Sufficient  to  say  that,  in  the  first  place,  it  only  controls  wh 
agitation  is  so  violent  as  to  render  diffusional  resistances  extrems 
small,  and  that,  in  the  second  place,  practically  determ 
coefficients  do  of  course  include  this  term. 


CRYSTALLIZATION 

As  a  unit  operation  crystallization  may  be  regarded  as  the  inve 
of  that  just  considered,  except  in  one  important  respect  Th  - 
that  while  solution  takes  place  from  a  constant  numbei  of s  1 
this  is  not  the  case  when  the  process  is  reversed  If  a  concentratt 
solution  is  gradually  cooled  in  the  absence  of  solid  solute  tl 


*vring  as  starting  points,  are  excluded,  a  distinct  supersolubility 
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rve 


may  be  determined.  When  plotted  on  an  ordinary  solubility/ 
nperature  graph,  the  two  curves  are  found  to  be  roughly 
rallel,  but  separated  by  a  measurable  amount.  A  solution  at 
h  a  temperature  that  its  condition  is  represented  by  a  point  in 
region  between  the  two  curves  will  in  general  not  form  crystals 
mtaneouslv.  Should  its  state  be  represented  by  a  point  lying  in 
?  so-called  “labile  region”  above  the  supersolubility  curve,  it 
11  spontaneously  form  small  crystals  which  will  then  grow  at  the 
pense  of  the  surrounding  solution  until  equilibrium  is  reached, 
us  it  is  seen  that  deposition  of  solute  from  a  solution  is  not  simply 
natter  of  diffusional  approach  to  an  equilibrium,  but  is  initially 
itrolled  by  the  provision  of  nuclei,  or  sites  at  which  deposition 
i,y  continue.  These  nuclei  may  be  allowed  to  develop  by  cooling 
5  solution  so  that  it  passes  into  the  labile  state,  foreign  matter  or 
idual  fragments  of  crystal  from  previous  charges  accidently 
jviding  centres  round  which  crystallization  develops.  Alterna- 
ely,  seed  crystals  may  be  added.  When  a  solution  is  seeded  in 
s  way,  more  controlled  growth  may  be  expected,  especially  if 
5  seeds  are  fairly  accurately  sized.  However,  even  in  this  case, 
mtaneous  nucleation  will  occur,  side  by  side  with  growth  on  the 
roduced  crystals,  so  that  the  total  number  of  crystals  does  in 
t  increase.  However,  it  is  generally  true  that  high  supersatura- 
n  produced  by  rapid  cooling  encourages  nucleation  rather  than 
>wth,  resulting  in  a  large  number  of  small  crystals.  The  reverse 
rue  of  slow  cooling,  however,  for  here  growth  in  part  prevents 
>ersolubility,  and  thus  nucleation  is  reduced,  yielding  fewer,  but 
^er,  crystals. 

lowever,  the  rate  of  growth  of  a  crystal  is  largely  dependent 
)n  the  diffusional  conditions  at  its  surface.  The  concentration 
ving  force  ranges  from  the  saturation  value  at  the  crystal  surface 
the  prevailing  bulk  concentration,  and  of  course  these  two  values 
equal  when  equilibrium  is  reached.  During  the  deposition,  also 
surface  is  increasing,  by  virtue  both  of  growth  and  nucleation 
dissolution  and  crystallization  may  also  be  used  as  fractionating 
■rations,  by  means  of  which  soluble  materials  may  be  separated 
he  equilibria  in  a  system  in  which  two  solutes  are  soluble  in 
iven  system  is  usually  represented  graphically  in  the  form  of 
hermals.  The  system  NaCl — KQ — H2()  is  represented  in  Fig. 
311  tills  basis  Here  the  line  A  DC  represents  equilibrium  concen- 
'  Oii  at, '  "tr  ,  represents  the  concentration  of  a  saturated 
■tion  of  Nat  1  only,  C  that  of  KCI  only,  and  D  that  of  a  solution 
irated  with  respect  to  both  chlorides,  at  this  temperature 
its  along  AB  represent  the  composition  of  solutions  saturated 
I.  respeef  to  NaCl  (but  not  KCI)  while  points  along  £C  ai^ 
itions  saturated  with  KCI  (but  not  NaCl)  g 

'he  line  DEF  represents  the  same  solutions  at  a  temperature  of 
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20°C.  The  line  EB,  therefore  is  the  plot  of  the  compositions 
solutions  saturated  with  respect  to  both  salts  over  the  temperate 
range  20°-110°C. 

This  chart  enables  one  to  trace  the  process  involved  in  separati 
the  chlorides  from  the  naturally  occurring  mixture  which  has  t 
composition  40  per  cent  KC1  and  60  per  cent  NaCl  by  weigl 
Suppose  the  process  to  be  operated  between  the  temperatui 
110°C  and  20°C,  and  let  the  mass  balance  be  constructed  aroui 
100  lb  of  water. 

First,  let  this  be  saturated  with  respect  to  both  salts  by  heati 
at  110°C  in  contact  with  mixed  salt.  This  will  correspond  with  ti 
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point  B,  or  a  solution  of  38-2  lb  of  KC1  and  27-5  lb  NaCl  in  e, 
100  lb  of  water.  If  this  solution  is  then  drained  from  the  crys^ 
and  gradually  cooled,  its  composition  will  trace  a  horizontal  J 
across  the  chart.  If  its  final  temperature  is  20  C  its i  state  u ,  rej 
sented  by  the  intersection  of  this  line  with  the  20  C  horizon 
This  means  that  the  solution  cools  at  a  constant  NaCl  conten  , 
it  must  continually  deposit  KC1  crystals.  The  final  C0I“P0^ 
is  actually  27-5  lb  of  NaCl  and  16  3  lb  of  ICGl  in  eaeh  lOO  lb  ^ 
Thus  in  cooling  each  100  lb  of  water  will  deposit  (38  L 
or  21-9  lb  of  KC1.  Suppose  the  remaining  liquid  were  en  n 
removed  from  the  KC1  crystals,  and  then  agitated  at  110  C 
such  an  amount  of  solid  mixture  as  contained  just  this  ami 

of  KC1  (actually  ^4^  =  54-7  lb  of  mixture).  Then 


would  be  dissolved,  leatmg  (64-7  -  21-9),  « 

be  at  the  =  S 


145 


SOLUTION  AND  CRYSTALLIZATION 

n  the  hot  liquor,  and  again  to  crystallize  upon  cooling,  are 
iependent  upon  such  considerations  as  have  been  discussed  in  this 
md  the  preceding  chapter. 

APPARATUS 

Che  apparatus  developed  for  use  in  dissolution  and  crystallization 
nust  embody  the  following  desirable  features — 

(i)  means  of  handling  the  process  materials, 

(ii)  means  of  agitation, 

(iii)  means  of  heating  or  cooling, 

and  in  the  case  of  crystallizers 

(iv)  means  of  controlling  the  size  at  which  crystals  may  leave 

the  apparatus. 

These  needs  are  combined  in  a  variety  of  complex  ways  which 
nay  be  simply  divided  on  the  basis  of  batch  or  continuous  operation. 

latch  Apparatus 

(а)  Simple  tanks  with  no  agitation,  and  atmospheric  cooling  in 
he  case  of  crystallizers. 

(б)  Tanks  with  agitation  and  cooling  or  heating  coils. 

(c)  Combined  concentrators  and  crystallizers,  being  closed 
essels  fitted  with  agitation  and  heating,  so  that  evaporation 
sometimes  under  vacuum)  can  be  carried  out  so  as  to  maintain  the 
quor  concentration  even  while  crystallization  continues. 

!ontinuous  Apparatus 

(a)  Long  jacketed  troughs  with  helical  ribbon  agitators  which 
Iso  transport  solid  materials  along  the  trough. 

(b)  Continuous  “  classifying crystallizers.  These  consist  of 
lachines  which  continuously  develop  supersaturation  either  by 
ash  evaporation  or  cooling,  and  cause  the  liquor  to  pass  upwards 
irough  a  bed  of  crystals  before  recycling.  The  cross-section  of  the 
rystal  bed  is  so  chosen  in  relation  to  the  liquid  flow  that  it  acts  as 

crude  size  classifier,  small  crystals  being  recycled.  The  bed  is 

mtinuously  tapped  of  magma,  while  feed  liquor  is  continuously 
itroduced  into  the  system. 


CHAPTER  X 


Humidification 


Humidification  describes  the  method  by  means  of  which  wate 
evaporates  into  a  gas,  while  de- humidification  describes  the  revers* 
process.  These  are  again  instances  of  diffusional  processes,  and  the; 
introduce  the  transfer  of  matter  in  the  gas  phase. 

Jf  a  known  surface  of  water  is  exposed  to  a  gas  stream,  certaii 
.things  may  occur.  Firstly,  it  the  gas  is  not  saturated  with  wate 
vapour,  evaporation  may  occur  at  the  water  surface.  If  the  paitia 
pressure  of  water  vapour  in  the  main  gas  stream  is  p,  and  that  a 
the  interface  is  pw,  then  the  rate  of  evaporation  would  be  represented 
bv  some  such  equation  as — 


d  W 

de  ~  K’ 


1  ■  (Pw-P) 


in  which  k,,,  the  mass  transfer  coefficient  is  dependent  upon  all  tb 
physical  properties  and  flow  conditions  outlined  in  the  previor 
chapter.  Now  pw,  the  partial  pressure  of  the  water  vapour  at  tb 
actual  gas/water  interface,  may  generally  be  fixed  from  a  knowledg 
of  the  interface  temperature.  For  this  molecular  layer,  m  immedia 
contact  with  the  liquid  surface  should  be  saturated  with  wah: 
vapour,  which  will  then  diffuse  outwards  into  the  main  gas  stream 
In  short  the  partial  pressure  pw  at  the  interface  should  be  the  vapoi 
pressure  of  water  over  the  interface,  at  the  temperature  of  t! 
interface.  If  the  interface  is  provided  in  the  form  of  watei  alon 
this  vapour  pressure  is  that  of  pure  water,  but  in  the  ease  of  evapor= 
tion  from  the  surface  of  a  solution  or  a  wetted  solid  it  may  be  les 
These  concentration  terms  are  often  converted  from  part 
pressure  units  to  mass  units,  and  humidity  is  defined  « >  the  pouna 
of  water  vapour  carried  in  one  pound  of  absolutely  dry  an  (or  g. 
generally).  These  two  sets  of  units  are  equivalent  when  ordinal) 
gas  laws  apply,  for  by  Dalton  s  Law 


Moles  water  vapour  __  Pw  __  _JPw _ at  a  total  pressure  PT 


Moles  dry  gas 


Pc 


Pw 


Mass  water  vapour  __  /  Pw  \  __  // 

01  ’  Mass  dry  gas  \P t  —  Pv>) 

M  =  mol.  wt.  of  gas, 

M  =  mol.  wt.  of  water. 

w 

146 


where 
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'heu,  of  course,  the  equation  for  the  evaporation  rate  inay  be 
9 -written  as — 

^  =  <  .  A  .  (Hw—  H) 

here  // „  =  saturation  humidity  at  interface  temperature, 

H  =  bulk  gas  humidity, 

k'  =  mass  transfer  coefficient  in  humidity  units. 

Now  the  continual  evaporation  of  water  involves  the  consumption 
f  latent  heat,  which  must  be  drawn  from  the  liquid  itself,  unless 
,  is  supplied  externally.  Of  course,  if  the  gas  were  heated,  we  could 
spect  some  of  this  heat  of  evaporation  to  be  made  good  by 
Hivection  from  gas  to  water  surface. 

Consider  the  case  where  the  main  gas  stream  is  at  a  temperature 
while  the  bulk  water  temperature  is  T .  We  may  imagine  that  at 
le  interface  the  two  temperatures  will  have  special  and  equal 
alues,  so  that  tw  =  Tw.  Now  if  the  bulk  gas  humidity  is  H,  the 
raporation  rate  from  the  interface  would  be  given  as — 

dW 

=k'„A(Hw-H) 


here  Hw  =  saturation  humidity  at  Tw  =  tw. 

hen,  if  the  latent  heat  of  water  at  Tw  is  Lw,  the  latent  heat 
insumed  in  this  evaporation  is  given  by — 

=  KgA(Hw  —  H)  .  Lw 

L 


d\V  _  / dQ\ 

le  w  =  [doj 


ow  if  t  is  greater  than  Tw  the  transfer  of  heat  from  the  gas  to  the 
ater  interface  by  convection  is — 


here 


=  hg .  A  .  (t  -  rw) 

St 


hg  —  film  heat  transfer  coefficient. 


urther,  sensible  beat  may  also  be  brought  to  the  interface  from  the 
ilk  of  the  water  according  to  the  equation _ 


fdQ' 

dB 


s. 


=  hwA(T-  Tw) 


eie  Tw  is  greater  than  7,  this  heat  transfer  is  negative,  or  heat 
transferred  inward  from  the  interface  to  the  bulk  of  the  water 
Now,  the  heat  balance  over  the  area  A  of  interface  gives— 
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when  no  external  heat  is  supplied  other  than  via  the  gas  stream 
The  sign  between  the  two  terms  on  the  right-hand  side  depends  upoi: 
the  relationship  between  T  and  Tw.  However,  the  last  term  tends  to 
destroy  itself,  as  the  transfer  of  heat  within  the  water  will  obviously 
tend  to  bring  T  to  Tw.  When  this  is  true— 


or  k  ’gA(Hw  -  H)LW  =h0.A.(t-  TJ  from  earlier  equations. 

Or,  the  heat  convecting  from  the  gas  to  the  liquid  equals  the  laten 
heat  diffusing  from  the  liquid  to  the  gas  in  the  form  of  water  \  apoui 
A  comparable  result  may  be  found  by  considering  a  heat  balane 
for  unit  mass  of  bone-dry  gas  passing  over  the  surface,  without  th 
inclusion  of  rate  coefficients.  Thus,  such  a  sample  of  gas  initial! 
at  temperature  t ,  would  leave  the  surface  saturated  at  temperaturi 
l  Then,  if  a  heat  balance  is  made  from  and  at  tw  as  datum 

(Heat  in  dry  gas  at  t)  -f  (heat  in  water  vapour  at  t)  =  (Hea 
in  dry  gas  at  tw)  +  (Heat  in  water  vapour  at  tw) 

8,(t  -  a  +  [SvH(t  -  tj  +  HLJ  =  o  +  [0  +  HM 
where  =  ^P-Ht.  dry  gas 


i.e. 


Now  this 


Sv  =  Sp.Ht.  vapour 
( Hw  —  H)LW  =  (t  tw)  (S g  + 
corresponds  to  the  previous  form,  when 

/  i  i 


where  A  — 


$  __  humid  lieat  oi  gas  at  humidity  Hw. 


149 


HUMIDIFICATION 

i  saturation  humidity  at  temperature  tw)  may  be  calculated  if 
vapour  pressure  of  the  liquid  at  this  temperature  is  known, 


Hir  = 


Vw 


\ 

)  \m9) 


•re 


T  Pv>j 

pw  =  vapour  pressure  liquid 
}>T  =  total  pressure  on  gas 

n  the  actual  sample  humidity  H  may  be  found  by  substitution 
he  expression — 

|  {H  —  Hw)Lw  =  (t  —  tw)  (Sg  +  SV.H) 

L  further  interesting  point  arises  if  a  sample  of  gas  at  any 
iperature  and  humidity  is  brought  into  contact  with  liquid  at 
1  wet-bulb  temperature  of  the  gas.  The 
perature  of  the  gas  will  fall,  if  the  process 
ubstantiallv  adiabatic,  while  the  humidity 
eases,  and  the  latter  is  related  to  the 
Iner  at  any  instant  by  the  above  equation, 
low  let  it  be  imagined  that  these  con- 
rations  were  applied  to  the  problem  of 
ing  a  hot  gas  by  contact  with  water, 
is  a  problem  in  humidification  into  which 


blems  of  handling,  heating,  subdivision 
mixing  obtrude.  These  requirements 
lit  be  most  readily  solved  by  some  form 
»acked  tower,  or  by  means  of  water  sprays 

its. 

he  arrangement  may  then  be  sketched  as 


Fig.  55,  in  which  the  incoming  gas  stream  has  a  dry-bulb 
perature  of  F,  a  wet-bulb  temperature  of  tw°F  and  a  humidity 
b  water, lb  dry  gas.  Now  by  contacting  this  gas  stream  with 
sr,  its  humidity  increases  to  H2,  while  its  temperature  falls  to 
ow  if  G  lb/hr  of  bone-dry  gas  are  passed  through  the  tower, 
rate  at  which  the  water  is  evaporated  into  the  gas  stream  is— 

G{H2  —  Hj)  lb  hr 


ii  the  heat  balance  for  the  system  may  also  be  written  as _ 

'SJI,  -  y  =  0(H,  -  HJL.  +  G(H2  -  Ht)  h  +  T*  + 


+  external  losses 


iditv  gf  !1  temperature  t2  is  known,  the  outlet 

iditj  may  be  found  from  the  equation  by  assuming  the  wet- 

temperature  to  be  constant  at  tw  and,  further,  supposing  the 
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mean  water  temperature 


T,  +  Ta 


approaches  tw.  This  can  in  fa* 


be  made  practically  true,  by  causing  the  cooling  water  to 
recirculated  at  a  rate  several  times  that  of  evaporation. 

In  order  to  design  the  equipment,  we  should  need  to  solve  t.j 
following  rate  equation  for  the  evaporation  of  water  in  the  packing! 


G(H2  —  =(k»F(A//)  mean 


where 

(AH) 


(Hi v —  Hx)  +  ( Hw  H2) 


m 


log, 


Hw-H, 


,  the  log  mean  concentrati 
difference 


Hw-H, 


and  (K'a)  =  the  mass  transfer  coefficient  per  unit  volume,  for  t 
,  packing  selected. 


This  would  enable  us  to  solve  for  V,  the  total  volume  of  packii 
Also,  the  value  of  k'o.  selected  will  require  some  minimum  j 
velocity  through  the  packing,  and  thus  its  cross-section  may 
found.  In  the  case  where  the  water  temperature  is  in  fact  not 
the  special  value  of  the  adiabatic  saturation  temperatuie  then 
some  difficulty  in  fixing  the  actual  humidity  driving  f^ce  Spec 
methods  have  been  suggested  to  overcome  this  difficulty.  » 
Similarly,  the  heat  transfer  equation — 


GSJt i  -  t2)  =  ( hga)V(t  -  T)  log  mean 


could  have  been  used  with  similar  reservations. 

An  instance  of  humidification  in  practice,  which  the  chem: 
engineer  may  frequently  encounter,  is  the  case  of  the  water-cool 
frame.  In  this  instance  the  collected  warm  water  from  condens- 
coolers,  etc.,  is  passed  over  a  simple  wooden  packing  in  contact 
an  ascending  air  stream.  The  process  is  strictly  non-adiabatic 
the  temperature  of  the  water  decreases  substantially  in  its  pas. 
down  the  tower.  Thus,  once  more  it  is  difficult  tc .  fix  the ,wt 
prevailing  humidity  driving  force  throughout  the  packtd  sec 
However8  for  practical  purposes,  there  is  probably  no  serious  e 
if  values  of  K >  or  V  are  used  which  have  been  obtained  ft 
experiments  on  tliat  particular  packing  used  in  a  similar  fash 
Some  valuable  data  on  these  matters  have  been  given  by  Hutch.. 

and  Spivey. (39) 


CHAPTER  XI 


Drying 

e  unit  operation  of  drying  embraces  all  those  cases  where  a 
tture  of  liquid  and  solids  are  separated  by  causing  the  former 
3vaporate.  The  distinction  between  the  unit  operation  of  drying 
t  evaporation  is  thus  rather  an  arbitary  one ;  in  drying  the  solid 
i resent  in  the  undissolved  state  while  in  evaporation  it  is  dissolved, 
l  its  concentration  is  increased,  perhaps  to  saturation  value,  as 
•relude  to  crystallization.  The  most  common  solvent  is  water, 
most  driers  are  therefore  designed  to  remove  water,  but  the 
ration  is  a  general  one,  applicable  to  all  solvents, 
t  is  important  to  realize  at  the  outset  that  liquid  in  a  solid  mass 
y  be  present  in  several  forms.  Broadly  speaking,  it  may  be 
sent  as  excess  liquid,  not  combined  in  any  way  with  the  solid, 
alternatively,  it  may  be  combined  in  some  way.  From  the  prac- 
I  point  of  view  this  is  of  some  importance,  because  liquid  in  the 
:  category  will  exert  its  own  full  vapour  pressure  while  that  in 
second  case  will  exert  a  pressure  somewhat  less  than  this.  Of 
rse,  the  reduced  pressure  may  be  the  result  of  several  states  of 
ibination,  for  example,  as  liquid  of  crystallization,  occlusion  in 
nules,  or  in  fibres  or  capillaries  of  high  curvature.  It  is  often  a 
3  that  a  solid  may  have  a  definite  equilibrium  content  of  a  liquid 
h  as  water,  when  its  reduced  vapour  pressure  equals  its  partial 
3sure  in  the  surrounding  atmosphere. 

b  is,  of  course,  this  vapour  pressure  exerted  by  the  liquid  which 
trols  its  removal  by  any  evaporative  means.  There  are  three 
rs  in  which  this  may  be  accomplished,  namely — 
i)  The  mass  may  be  heated  to  such  a  temperature  that  the  liquid 
t  exerts  a  vapour  pressure  equal  to  that  of  the  surrpunding 
osphere. 

>)  The  mass  may  be  placed  under  vacuum,  so  that  the  tempera- 
1  to  which  it  need  be  heated  is  reduced. 

)  A  stream  of  gas  may  be  passed  across  the  heated  solid,  and 
vapour  carried  away. 

i  either  of  the  first  two  cases,  the  heat  needed  for  the  evapora- 
may  be  provided  by  indirect  heating,  while  in  the  third  instance, 
inert  gas  may  be  the  source  of  the  heat.  Finally,  the  removed 
our  or  vapour/gas  mixture  may  be  cooled  and  condensed,  either 
he  interests  of  heat  economy,  or  in  order  to  recover  the  liquid, 
/hen  the  liquid  is  indeed  valuable  and  so  worth  recovery 
rs  are  constructed  upon  one  of  the  first  two  principles.  At  the 
e  time  such  a  machine  has  to  handle  the  material  to  be  processed, 
— (T.653)  151 
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and  some  diversity  of  design  is  introduced  on  this  account.  This 
principally  due  to  the  state  of  the  material  to  be  dried,  as  well  as  tl 
choice  between  batch  and  continuous  methods.  Material  in  tl 
form  of  lumps  or  slabs,  as  would  be  produced  from  a  filter  or  cent  ; 
fuge,  is  generally  processed  on  the  tray  or  shelf  drier,  for  the  mater  i 
may  be  conveniently  spread  upon  the  heated  shelves.  This  devi 
is  well  suited  for  batch  operation,  of  course,  but  it  is  a  little  difticu1 
to  adapt  to  continuous  working. 

When  the  material  to  be  dried  is  in  the  form  of  a  paste  or  sluri 
the  drum  drier  may  be  used,  in  which  the  heated  surface  is  in  ti 
form  of  a  rotating  cylinder.  Now  this  type  of  drier  is  continue 


*0  *3*2  *1 

TEMPERATURE -t 


(*>) 

Fig.  56.  Simple  Drier  with  Humidity-Temperature  Data 


in  operation,  and  may  be  totally  enclosed  for  vacuum  operati 
or  when  recovery  of  the  solvent  is  particularly  important. 

For  the  purpose  of  this  treatment,  we  shall  consider  only  maehi 
acting  upon  the  principle  in  (c)  for,  in  such  instances,  there  r 
diffusional  mechanism  to  be  examined.  Other  machines  m  wh 
no  gas  current  is  employed  and  where  the  material  to  be  drie< 
placed  upon  the  heated  elements,  may  be  regarded  almost 


AtrG  WAT»Q  f  1  XT O 


Then  the  process 
Fig.  56  (6). 


It  will  be  noted  that  the  sink 
a  temperature  of  t3,  while  the 
The  concentration  driving  force 


it  the  surface  of  the  drying  material  will  h 
while  the  humidity  at  this  point  will  1* 


a  temperature  of  t 


which  transfers  water  vapour  t 
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solid  surface  to  the  air  stream  decreases  from  {H3  -~  to 
—  He),  and  similarly  the  temperature  difference  driving  heat 
the  solid  surface  decreases  from  (tx  —  t3)  to  (t2  t3).  If  it  were 

’  possible  to  ensure  that  these  remained  constant  it  would  be 
ible  to  examine  the  drying  characteristics  of  the  solid  concerned 
jr  steady  conditions.  In  such  a  case  it  is  found  that  in  the  early 
es  of  drying,  water  is  removed  at  a  constant  rate.  It  is  also 
d  that  the  rate  is  independent  of  the  nature  of  the  material 
g  dried,  and  in  fact,  is  about  equal  to  the  rate  of  evaporation 
i  a  film  of  water.  It  would  appear,  therefore,  that  so  long  as 
iture  can  diffuse  to  the  surface  from  the  interior  of  the  mass 
rate  not  exceeded  by  that  at  which  it  is  evaporated  from  the 
ice,  the  drying  rate  remains  substantially  constant.  Further, 
mains  at  some  value  predicted  by  an  equation  of  the  type — 

'  d  W 

=  Kg .  A(AH)m 


hich  Ky  is  determined  in  part  by  the  properties  of  the  air/water 
?m  and  in  part  by  the  state  of  flow  of  the  air  stream,  but  hardly 
11  by  the  nature  of  the  material  being  dried.  This  is  often 
rented  by  such  formulae  as  those  presented  by  Powell <40)  for 
e  surfaces. 

m  Krevelen  and  Hoftijzer(4l)  have  shown  that  for  spherical 
icles  freely  suspended — 


M 

D 


=  0-5 


0.2 


hg  .  d 


=  10 


Dwever,  as  the  drying  proceeds,  the  moisture  content  of  the  solid 
;adily  reduced,  and  at  some  critical  moisture  content,  the  liquid 
r  is  no  longer  able  to  reach  the  surface  at  the  necessary  rate  to 
tain  this  completely  wetted.  The  immediate  result  of  this  is 
the  surface  develops  dry  patches  which  continue  to  grow.  This 
3tion  in  the  truly  wetted  surface  occasions  a  continuous  reduc- 
m  the  drying  rate  which  thus  ceases  to  be  constant,  and 
lily  tails.  At  some  lower  moisture  content  the  whole  of  the 
sed  surface  is  dry,  and  the  evaporating  surface  is  retreating  into 
Inass.  When  this  occurs,  the  control  upon  the  process  becomes 
ate  at  which  water  vapour  can  diffuse  through  the  dried  zone 

mitral  hd  SUlfaCe‘  AS  thA  diying  SUrfaCe  continues  to  retreat, 

nues  to  decrease"101’6  Seri°US>  and  80  the  dr>'lng  »te 

the  moisture  content  of  the  solid  is  defined  as  M  lb  water/lb 
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dry  solid,  a  drying  rate  curve  could  be  prepared  as  in  Fig.  57.  CJ 
sider  then  this  material  being  dried  under  certain  fixed  conditi.  i 
of  temperature  and  humidity  from  a  moisture  content  of  Mx , 
one  of  M3,  passing  through  the  critical  content  M2.  While 
moisture  content  is  in  excess  of  the  critical  content,  the  dry  , 
rate  is  constant. 

Suppose  further  that  when  the  dry  solid  content  of  the  charge 
S  and  spread  so  as  to  expose  an  area  A,  it  needs  a  time  6'  to 
from  Mx  to  M2  then  the  rate  equation  becomes — 


dW 

d6' 


S(MX  -  M2) 

6 


=  Kg  .  A'(\H) 


tn 


Fig.  57.  Typical  Drying-rate  Curve  (Constant  Conditions) 


However,  when  the  critical  moisture  content  M2  has  been  pas 
the  drying  rate  is  no  longer  constant  and  is  in  fact  at  any  ms  i 
some  function  of  the  moisture  content  as  shown  on  the  dr. 

curve 

Thus  at  any  moisture  content  M  (between  M,  and  M3)  the  dr 
rate  is  some  function  of  M,  say  <j>(M)  so  that 


dW’ 

dd" 


where  A"  is  the  surface  exposed,  and  0"  the  drying  time  require 
Now,  any  evaporation  brings  about  a  change  of  moisture  conte 

dW"  =  S(dM) 


and  so  we  may  write — 


S  .  dM 

d( r 


A"cf>(M) 


dM_  =  m- 
S 


then 
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ius,  for  the  whole  drying  operation  from  M2  to  J/4  in  the  time 
itegration  gives — 

L.  #*>  5  J«  s 

(  r  ■  —  -  1 

ie  left-hand  side  may  be  evaluated  graphically  by  plotting  M 
ist  the  reciprocal  of  drying  rate,  a  series  of  values  being  taken 
the  rate-of-drying  curve. 


GAS 

FLOW 


Fig.  58.  Diagram  of  Continuous  Counter-current  Drier 


)w  for  the  whole  drying  cycle,  from  moisture  content  M1  to 
in  a  total  time  0T,  it  is  true  that  A'  =  A",  as  the  surface  cannot 
mveniently  altered,  so  that,  by  means  of  the  three  equations — 


S(M,  -  M2) 
6' 


Kg.A\\H)m 


CM,  dM  A”d" 

L,W  a 

O'  +  6"  =  0T 

possible  to  find  A,  and  also  O'  and  6". 

lis  treatment  assumes,  of  course,  that  the  solid  is  drying  under 
bant  conditions  of  air  humidity,  temperature  and  velocity, 
position  may  be  attained  in  batch  machines,  but  when  con- 
ms  counter-current  flow  of  hot  gas  and  wet  solid  is  desired, 
(olid  is  drying  under  variable  conditions.  For,  as  will  be  seen 
the  diagram  in  Fig.  58,  the  wet  solid  is  brought  into  contact 
hotter,  drier,  gas  as  it  progresses  through  the  drier.  This  means, 
feet,  that  the  previous  treatment  needs  to  be  applied  to  each 
l  increment  of  travel  through  the  apparatus,  for  a  slightly 
ent  rate-of-drying  curve  will  apply  at  each  such  step, 
the  drying  is  an  adiabatic  process,  the  solid  surface  rapidly 
ns  the  wet-bulb  temperature  Tw  of  the  gas  stream,  and  is 
"ed  with  gas  at  saturation  humidity  Hw  at  this  temperature, 
Fe  process,  as  far  as  the  gas  stream  is  concerned  may  be  traced 
allowing  the  appropriate  adiabatic  saturation  line  (a.s.l.)  on 
mmidity  diagram.  Now,  if  the  moisture  content  M2  and  Mr 
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lie  above  and  below  the  probable  range  of  critical  values,  the  r 
material  must  pass  through  a  critical  moisture  content  Mc  sor 
where  within  the  drier,  at  which  spot  the  humidity  of  the 
stream  has  increased  to,  say,  Hc. 

Thus  the  problem  may  be  considered  in  two  parts,  in  the  If 
of  which  the  moisture  content  is  always  above  the  critical  (betw-, 
Mc  and  M2),  and  in  the  second  of  which  the  moisture  content 
always  below  the  critical  (from  Mc  to  Mx).  Let  the  area  in  eacH 
these  sections  be  A'  and  A"  respectively. 

Now  the  case  for  the  first  section  may  be  argued  similarly 
the  previous  case,  for  the  evaporation  rate  at  any  small  elemenu 
area  dA' ,  where  the  gas  humidity  is  II,  is — 

J  =  k,(Hw-  H)dA' 


Now,  if  the  gas  rate,  G  lb/hr  is  fixed,  the  moisture  lost  by 
solid  equals  that  gained  by  the  air,  so  that — 


dw 

dd 


G.dH 


Substituting  for  dw,  and  rearranging — 

dH 


k 


H 


=  ^.dA' 


tv 


H  G 


and  integrating  between  the  humidities  at  start  and  finish  of  I 
area  A',  i.e.  H2  and  Hc — 


f#.  dH  K, 

fA' 

dA' 

J*.  B.  -  H  g\ 

0 

Also,  Hc  may  be  found  from  the  mass  balance  on  the  second  pa 
the  drier,  for — 

G(HW  -  =  S(Me  -  Mx) 


Now,  in  the  second  part  of  the  drier,  conditions  are  compile 
by  the  fact  that  although  the  moisture  content  is  always  belov 
critical  and  thus  the  solid  is  drying  at  a  falling  rate,  this  is  - 
pensated  by  the  fact  that  the  surface  is  continuously  brought 
contact  with  hotter,  drier  air.  The  surface  remains  substanf 
at  H  and  T  Hence,  while  the  falling  moisture  content  is  ter 
to  ^decrease  the  drying  rate,  the  increasing  tempera  ure 
decreasing  humidity  are  both  tending  to  increase  the  dr^ nng 
The  facts  are  that  the  material  may  be  considered  to  be  d 
according  to  two  different  rate-of-drying  curves  at  any  P 
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the  inlet  and  outlet  to  this  area,  for  example,  the  position  is  as 

Fig.  59  (a).  r  j  ■ 

With  full  enough  laboratory  data,  that  is  several  rate-ol-drying 

rves  at  humidities  and  temperatures  between  the  limits  Hc,  1  c 
1  Hv  Tv  it  would  be  possible  to  proceed  in  the  following  fashion. 


Fig.  59  (a).  Probable  Drying -rate  Curves  at  Beginning  and 
End  of  Falling-rate  Period,  in  Drier  of  Fig.  58 


MOISTURE  CONTENT 


<ig.  59(b).  Corrected  Drying-rate  Curve  for  Drier  of  Fig.  58 

Commencing  from  the  gas  entry  end,  take  several  humidities 
Hv  //,,  etc.,  at  which  rate-of-drying  data  is  available.  Bv  a 
ss  balance  over  a  selected  interval,  e.g. — 


0(H2  -  Hx)  =  S(M2  - 
G(Hz-H,)  =S(M3-M1) 


moisture  contents  of  the  solid  at  the  selected  gas  conditions  mav 
lound  terminating  with  that  at  which  the  moisture  content  is 
leaf.  By  reference  to  the  appropriate  rate-of-drying  curve  the 
ing  rate  at  each  point  may  be  found.  These  values  may  be  used 
construct  a  new  curve  in  which  drying  rate  is  plotted  against 
sture  content  at  any  point  in  the  drier  after  the  critical  moisture 
tent  has  been  reached^  The  points  from  the  previous  example  are 
-ted  on  this  curve  in  Fig.  59  (b).  p 
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In  the  falling-rate  zone,  the  method  of  the  previous  example,  mail 
be  then  applied  to  the  modified  rate-of-drying  curve,  so  that — 

rue  dM  A"0" 

Jm,  W)  ZJ"- 

where  the  rate  at  which  material  passes  through  the  zone  is  - 
spread  in  such  a  fashion  as  to  pass  through  an  area  A". 


Fig.  60.  Diagram  of  Simple  Non-circulating  Drier, 

Trays  in  Parallel 


This  result,  combined  with  that  for  the  first  portion  of  such . 
drier,  in  which  a  spread  of  area  A'  is  required,  enables  us  to  fix  t 
whole  spread  (A'  +  A")  once  the  desired  drier  capacity  is  known. 


Apparatus 

The  diversity  of  drier  design,  even  when  the  method  of  hot-g, 
evaporation  is  accepted,  is  largely  due  to  the  variety  of  handlri 


Fig.  61.  Diagram  of  Simple  Non-circulating  Drier, 

Trays  in  Series 


problems  which  may  be  encountered.  Some  idea  of  the  developm* 
of  design  may  be  traced  in  the  following  fashion,  where  a  lagr- 
of  the  drier  is  accompanied  by  an  indication  of  its  operation  o 

‘“'a)' TraytTn '  parallel,  heated  air  one  contact  only  Simn 
predictable  in  design,  but  wasteful  in  heat  and  an.  Fig.  . 
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ii)  Trays  in  series.  Simple,  more  economic  on  air  and  heat,  but 
3s  at  different  rates.  Fig.  61. 

ii)  Trays  in  series  with  reheat  at  tray  ends  so  that  the  driving 
3e  is  maintained  without  heating  the  air  to  a  high  temperature 
y.  62). 

ill  these  machines  are  subject  to  one  grave  difficulty  in  design, 
mlations ;  they  are  not  working  under  constant  drying  conditions, 


Fig.  62.  Diagram  of  Non-circulating  Drier,  Trays  in 

Series,  with  Re-heat 


A  fourth 


this  may  be  overcome  by  the  internal  re-use  of  air. 
gn  has,  therefore,  been  developed, 
v)  In  this  design  the  outlet  air  may  be  caused  to  recycle  to 
desired  degree.  This  is  attained  by  manual  or  automatic 
T°!  damper  so  as  to  ensure  a  constant  temperature  and 

nidity  in  the  internal  cycling  stream.  Under 

i  a  nrvn  1 4- 1  /-w»  n  4-  V*  ^  d  ^  1 l  •  i  it 


e  conditions  the  drying  takes  place  at  virtually 
>tant  conditions  of  humidity  and  temperature, 
humidity  driving  force  is  generally  lower  than 
ne  previous  types,  being  between  85  per  cent 
'ive  humidity  in  the  air  stream  and  100  per 
at  the  drying  surface.  This  is  effected  by 
ding  up  the  internal  air  velocity  so  as  to 
?ase  K  at  the  surface.  This  velocity  is  of 
,se  independent  of  the  quantity  of  air  passing 
ugh  the  machine  (which  the  damper  control 
ces  as  the  drying  proceeds).  Economic  of  air 
heat,  this  machine  is  predictable  in  design 
63) . 


A 


?o_ 

°o£ 


£ 


°o 

°o 
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a 


£ 


£- 


o 

tzt 


Fig.  63.  Adapta¬ 
tion  of  Drier 
shown  in  Fig.  62 


though  these  machines  are  suitable  for  batch  operation,  they 
be  adapted  to  continuous  operation  if  the  solid  may  be  slowly 

ine  thTTr avs  to  hymg  T*.'  ThiS  may  be  accomPKshed  by 
mg  the  trays  to  be  mounted  in  a  truck,  or  by  substituting 

;  form  of  conveyor  band  for  the  tray  surface  '  g 

tese  machines  provide  a  satisfactory  answer  to  the  handling 

lem  involved  when  wet  material  in  the  form  of  slabs  is  processed8 


160  AN  INTRODUCTION  TO  CHEMICAL  ENGINEERING 


The  batch  types  are  also  useful  when  more  granular,  free  runnin 
solids  are  to  be  dried,  but  in  continuous  operation  a  rather  differen 
design  is  favoured. 

(v)  These  are  the  rotary  driers,  which  employ  the  revolving 
inclined  cylinder  as  a  transportation  device,  the  hot  gas  runnim 
through  the  cylinder.  The  path  which  a  single  particle  follows  who 
travelling  down  the  axis  ol  a  rotating  inclined  cylinder  is  a  zig-zet 
one  but  when  a  large  number  of  particles  are  present  condition 
are  much  more  complex.  However,  the  general  tendency  is  to  cau; 
the  free -running  solid  to  move  down  the  cylinder  but  also  to  develci 
a  “roll”  so  that  the  surface  is  continuously  shifting  and  changini 
If  a  hot  gas  stream  is  passed  through  the  cylinder  in  the  opposni 
direction,  drying  proceeds  from  the  exposed  surface.  The  ettect 
the  internal  circulation  of  the  solid  mass  is  largely  to  destroy  thJ 
internal  state  which  lead  to  a  falling  rate  in  more  static  condition 
so  that  in  this  type  of  machine  a  given  material  is  likely  to  ciry  alt 


more  constant  rate.  ,  .  , 

The  simple  cylindrical  shape  may  be  embellished  by  the  mclusii 

of  flights  of  varying  design.  The  function  of  these  flights  is  to  can 
the  material  farther  round  the  circumference  than  would  be  possil 
with  the  plain  cylinder,  and  then  cause  it  to  shower  down  throu. 
the  hot  gas  stream .  Such  arrangements  do  even  more  than  the  s  \ 
cylinders  to  distribute  the  solid  particles  through  the :  gas  strea. 
and  thus  there  is  little  or  no  faUing-rate  characteristics  in  the  dry. 
of  true  solid  particles,  although  this  will  still  persist  to  some  exttl 

when  the  particles  are  agglomerates  or  porous 

Recent  work  by  van  Krevclen  and  Hoftijzer14'  has  shown  tl 
the  drying  characteristics  of  a  suspended  single  KTUS<" ' 
particle  of  a  solid  may  be  related  to  the  actual  t  rying  ;  ra ^ 
material  in  a  rotary  drier  by  the  speed  of  rotation  in  some 


form  as — 


drying  rate  of  particle  in  drici  _  ^  a(r.p.m.)b 

drying  rate  of  particle  freely  suspended 


a  and  b  being  constants  for  any  given  example  of  rotary  d. 
,k'( vi"  Although  this  property  of  rotary  nMchmes  (i- ^ 

form  of  JerfmateTconveyor 

The  feed  material  is  pre-formed  to  so  ?  then  fed  as  a ' 
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Marshall  and  Hougen<42)  have  treated  this  principle  experi¬ 
mentally,  and  show  that  the  drying  rate,  although  obviously  a 
unction  of  the  particular  material  used,  the  manner  of  its  pie- 
orming,  and  the  dimensions  of  the  bed,  is  also  directly  proportional 

o  the  air  velocity. 

There  are  many  other  drier  designs  embodying  these  same 
iffusional  mechanisms,  as  well  as'  many  others  based  more  on 
vaporative  principles  than  diffusional  ones.  The  student  will, 
owever,  generally  recognize  only  differences  in  the  handling 
echnique  in  comparing  these  machines. 

Papers  by  various  authors  at  two  recent  conferences  on  this 
nportant  unit  operation  provide  a  mass  of  information  both  as 
egards  theoretical  data,  and  practical  design. (43>  44) 


CHAPTER  XII 


Distillation 


Many  separations  of  material  are  effected  by  means  of  the  process u 
of  distillation  or  fractionation.  This  is  possible  when  the  materials 
have  a  sufficiently  marked  difference  in  volatility.  By  this  we  meanL 
that  if  the  mixture  is  raised  to  a  certain  temperature,  at  a  certaimj 
pressure,  then  the  composition  of  the  vapour  will  be  found  to  be* 
different  from  that  of  the  liquid  only  if  some  components  are  more- 
volatile  than  others.  If  this  is  not  so,  then  the  liquid  and  vapour  i 
have  the  same  composition,  and  there  is  no  physical  basis  for  a>. 

separation  by  means  of  distillation. 

The  actual  conditions  of  volatility  arc  m  part  controlled  by 
vapour  pressures  of  the  separate  components,  and  in  part  by  them 

mutual  miscibilities,  or  solubilities.  ohenlntplv 

Consider  for  example,  two  liquids  .4  and  B,  which  are  absolutely 

immiscible  and  whose  vapour -pressure  characteristics  are  known  i 

Let  the  mixed  liquids  be  brought  to  the  boil  under  some  constan 

pressure  PT.  The  temperature  at  which  the  mixture  will  boil  m 

be  such  that — 


P , 


Pj  +  P 


B 


rUererakire1UlThfs  ^^ratu^ul^fo^nd  by  trial  and  erro 

isThaT  the  ratio  of  PA  and  P„  is  fixed  at  any  total  Pr"' ^ 
quite  independent  of  the  proportions  of  A  and  H  present 

thThus,  in  the  vapour  phase  under  discussion 


Moles  of  A  Pa 


Moles  of  B  Pb 


or 


Mass  of -4  P a^a 


Mass  of  B  P b^b 


Moles  of  A 


Again,  nf  .4  4-  B 


i  T> 


n 


yA  (say) 
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Thus,  at  any  pressure,  the  composition  of  the  vapoui  pioduced  b} 
vaporating  a  mixture  of  immiscible  liquids  is  independent  of 

°AltemXvely!hsVppose  that  the  components  A  and  B  are  com - 
letely  miscible,  so  that  only  one  liquid  phase  exists.  Now  at  any 
emperature  the  vapour  pressure  exerted  by  either  component  ho  1 
he  mixture  is  less  than  that  which  would  be  exerted  by  the  pure 
omponent  at  the  same  temperature.  The  relationship  between  the 
rue  (or  pure)  vapour  pressure  P  A  and  the  reduced  vapour  pressure 
' A  is  stated  in  Raoult  s  Law 

Pa  =  ?axa 

,  here  x  4  is  the  molar  proportion  of  A  in  the  liquid  phase,  and  also 


Pb 


*  BXB 


hen,  under  these  conditions — 

P t  —  Pa  +  Pb  —  p  axa  +  pbxb 

—  P AXA  "1“  P J?(l  ~  Xa) 

•,  rearranging — 

P  t  ^  a 


(since  xA  +  xB  =  1) 


x  a  = 


Pa- Pi 


'his  can  only  have  positive  values  when  P A  >  P B  or  when  A  is 
lore  volatile  than  B.  Hence  the  proportions  of  the  mixture  which 
dll  boil  at  a  certain  pressure  are  fixed. 

Further,  the  proportions  of  the  vapour  in  equilibrium  with  this 
lixture  are  given  as — 


Va  = 


PAXA 

PT 


At  any  selected  temperature  and  total  pressure  therefore,  the 
imposition  of  the  liquid  and  vapour  in  equilibrium  may  be  calcu- 
ded  from  the  vapour  pressure  data,  if  Raoidt’s  and  Dalton’s  Laws 

ppiy- 

For  a  series  of  temperatures  lying  between  the  boiling  points  of 
le  two  pure  components,  a  set  of  equilibrium  values  of  liquid  and 
apour  compositions  may  lie  found,  all,  of  course,  at  some  constant 
)tal  pressure. 

This  information  may  be  plotted  on  a  boiling-point  diagram,  as 
lustrated  in  Fig.  64.  It  is  to  be  noted  that  miscibility  has  brought 
bout  the  conditions  in  which  the  composition  of  the  vapour  is  no 
>nger  independent  of  the  composition  of  the  liquid. 

Some  pairs  of  components,  although  miscible,  are  peculiar  in 
roducing  a  mixture  which  is  in  equilibrium  with  vapour  of  exactly 
le  same  composition,  giving  a  boiling-point  diagram  of  the  form  of 
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Fig.  65.  It  is  seen  that  in  both  these  instances  there  is  a  certain 
liquid  composition  x  which  is  in  equilibrium  with  a  vapour  of  the 
same  composition.  These  constant-boiling  mixtures,  or  azeotropes, 
cannot  be  resolved  by  distillation  at  this  pressure,  although  they 
may  be  made  to  yield  one  component,  and  possibly  another 
azeotrope  of  different  composition,  by  distillation  at  another 
pressure. 

It  has  been  stated  that  these  boiling-point  curves,  representing 
as  they  do  the  variation  of  the  equilibrium  between  liquid  and  vapour 
with  temperature  at  a  constant  pressure,  may  be  calculated  from 


Fig.  64.  Boiling-point 
Diagram 


Fig.  65.  Boiling-point  Diagram  of 
Azeotropes,  or  Constant-boiling 
Mixtures  with  (a)  Minimum, 

(6)  Maximum  B.Pt 


vapour-pressure  data,  when  Raoult’s  Law  or  some  similar  relation¬ 
ship  holds  good.  In  other  cases  it  may  be  necessary  to  determine 
these  equilfbria  practically.  In  any  case,  certain  interesting  ana 
fundamental  composition  changes  may  be  discerned  by  means  o 

Sl' Consider 'a'niixture  of  A  and  B  and  suppose  the  boilin^pohn 
diagram  at  a  total  pressure  PT  to  have  been  deter mme *  ^ 

Consider  a  mixture  containing  *x  mol  fraction  of  A and  suppose  th 
temperature  to  be  i„.  At  this  temperature  it  does  not  boil,  and  it 
is  brought  rapidly  to  the  boil  (i.e.  without  much  evaporation  ,  i 
will  do  so  at  temperature  and  at  this  instant  wi  P“ 
vapour  of  composition  yv  very  nearly  pure  A,  aMnoghri roan  n  „ 
i  J absolutely  pure  with  a  curve  of  this  shape.  This  production  oi 
limited  amount  of  vapour  immediately  imPoyeris  ®Sdi Splaced  t- 
content  of  A,  and  the  composition  becomes  shghtly  di^pl  ^  ^  _ 

8  I ,  .  *  .  ,  ^  at  sayi  t  lAhe  system  is  closed  so  that  no  grea 

IZ^oftpoul’  is  "produced ,  these 

But  if  vapour  is  allowed  to  «*°ape  from ^  c0„tinuan  I 

the  liquid  will  be  continuall 
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langing  in  composition,  and  likewise  producing  a  vapour  of  chang¬ 
er  composition.  This  simple  batch  distillation  will  obviously  no 
*  very  helpful,  producing  only  a  small  quantity  ol  a  mixture  nc  1 


Alternatively,  assume  that  the  entire  original  mixture,  of  com- 
jsition  xx  was  suddenly  vaporized  at  a  temperature  t4  by  some 
ish  process.  This  could  be  done  by  allowing  it  to  drip  on  to  a  heated 
rface  (as  in  a  flash  boiler),  or  by  heating  the  liquid  under  a  highei 
■essure  before  releasing  it  into  a  chamber  at  the  required  lower 
■essure.  The  vapour  must  all  be  at  a  temperature  greater  than  t4  if 


Fig.  66.  Boiling-point  Diagram 


is  is  to  be  effected,  of  course.  If  the  vapour  were  then  slowly 
oled,  by  a  reversal  of  the  partial  evaporation  steps,  partial  con- 
nsation  firstly  produces  a  liquid  of  composition  x4,  so  becoming 
ther  richer  in  A,  and  so  having  to  be  cooled  yet  further  to  cause 
ndensation  to  continue.  Again,  the  useful  separation  of  iLrich 
ictions  would  be  rather  limited. 

A  third  method  would  be  to  modify  the  flash  evaporation  so  as 
ly  to  partially  evaporate  the  charge,  by  causing  the  flash  to  pro- 
ice  two  equilibrium  phases  x3  and  y3  at  a  temperature  t3.  This 
rather  more  fruitful,  in  that  there  are  only  two  fractions  of  fixed, 
d  noticeably  different,  compositions.  Neither,  however,  is 
pecially  rich  in  either  component,  and  the  position  is  worse,  when 
e  feed  composition  differs  from  an  approximately  50/50  value. 

It  would  seem,  therefore,  that  something  more  than  a  simple 
aporation  is  required  if  this  binary  mixture  is  to  be  resolved  into 
ictions  of  reasonable  purity.  What  is  needed  is  some  form  of 
unter-current  process  in  which  vapour  may  be  continually 
riched  in  more  volatile  component  at  the  expense  of  the  liquid 
1  !“other  ^stances  of  this  sort,  a  series  of  theoretically  perfect 
uilibna  may  be  supposed,  on  each  of  which  the  liquid  from  above 
d  the  vapour  from  below  are  brought  together  so  as  to  form 
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vapour  and  liquid  streams  which  are  in  equilibrium.  Any  of  the* 
more  usual  mixing  actions  adaptable  for  contacting  vapour  and  I 
liquid  (such  as  bubble-cap  plates,  packed  column  or  sieve-platen 

columns)  may  be  used.  ; 

Consider,  for  example,  a  plate  column  in  which  the  vaporized! 
feed  is  fed  to  the  base,  from  which  the  waste  liquor  is  removed!, 
through  a  suitable  seal.  The  overhead  vapour  is  completely  con¬ 
densed,  and  a  certain  portion  returned  to  the  first  plate  of  then 
column  as  reflux,  as  in  Fig.  67. 


Fig.  67.  Simple  Rectifying  Column 


Now  let  each  vapour  and  liquid  stream  be  defined  as  to  tot 
molar  quantity,  and  mol  fraction  of  component  A  by  subscripts  p 
the  trav  of  origin.  Let  L  and  V  represent  total  moles  in  liquid  an 
‘ou/  and  /and  y  their  mol  fraction  of  component  A.  Considc 
now  tr’av  4.  U  moles  of  liquid,  of  composition  x,  fall  upon  it  froti 
,  /  q  while  T  moles  of  composition  x4  fall  from  it.  Similarly 

Ffmoie/of  vapouTof  composit^n  !h  rise1  to  the  fourth  tray  win 

F4Fro°m  the'  Z”colum/rise  F,  moles  of  vapour  which,  whe 
condensed,  are  split  into  Lm°l^  va^u“  enter,  whi 

W  moles  of  waste  liquid  leaves.  Thus,  if  the  ^column  loses  no  hea 
a  mass  balance  over  the  entire  column  yields 


V,-  W  =  F,—  L 

while  if  the  condenser  and  reflux  box  are  included  in  the  balance- 


F,  =  P  +  W 
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gain  over  successive  plates  or  stages,  total  mass  balances  give— 

For  the  1st,  V1—  L  =  V  2  — 

For  the  2nd,  V  2  —  Lx  =  V3  —  L2 
For  the  3rd,  V3  —  L2  =  F4  —  L3 

id  so  on. 

Now  each  of  these  terms  represents  the  net  total  upward  flow 
tween  successive  stages.  Further,  the  series  of  mass  balances 
ows  that  the  net  upward  flow  is  a  constant  throughout  the  column, 
ual  to,  say,  0  moles/hr. 

Now,  in  place  of  total  mass  balances,  a  series  of  balances  for 
mponent  A  may  be  constructed — 

1st  plate,  V1y1  —  Lxv  =  V 2y2  —  Lxxx 
2nd  plate,  V2y2  —  Lxxx  =  V3y3  —  L^c2 
3rd  plate,  V3y3  —  L2x2  =  V$A  —  L3x3 


lich  means  that  not  only  is  there  a  constant  net  upward  flow  O  in 
e  column,  but  it  is  of  a  fixed  composition,  say  x0.  This  fixed  net 
ward  flow  of  component  A  does  not  conflict  with  the  idea  of 
laration  by  fractional  distillation.  It  is  the  distribution  of  this 
ed  amount  of  A  between  the  vapour  and  liquid  streams  which 
altered  by  fractionation. 

Making  use  of  this  idea,  successive  mass  balances  for  component 
may  be  written — 


1st  plate,  Vxyx  —  Lxv  =  Ox0  or,  V1y1  —  Ox0  =  Lxp 

2nd  plate,  V 2y2  -  Lxxx  =  Ox0  or,  V2y2  -  Ox0  -  Lxxx 

3rd  plate,  V3y3  -  La2  =  Ox0  or,  V3y3  -  Oxa  =  L2x2 


n  words,  this  means  that  if  the  component  A  content  of  the  net 
ward  flow  is  subtracted  from  the  A  content  of  the  vapour  stream 
ng  from  any  plate  or  stage,  the  result  in  total  mass  and  com- 
ution  is  the  liquid  falling  from  the  plate  above.  If  this  latter 
te  is  a  perfect  one,  equilibrium  data  will  predict  the  vapour 
nposition  in  equilibrium  with  the  liquid  stream,  and  this  vapour 

C,an  in  turn  be  used  to  -vield  the  composition  of  the 
nd  tailing  from  the  next  highest  stage. 

?his  alternate  use  of  the  net  upward  flow  and  equilibrium  data 
vides  a  method  by  which  the  column  may  be  ascended,  stage  by 
ge.  Tins  may  be  done  by  calculation,  or  very  conveniently  by 
raphical  process  on  the  boiling-point  diagram^  as  in  Fig.  68 
.he  first  step  is  to  locate  on  this  diagram  the  operating  point  O 
composition  *  This  is  done  by  taking  the  N.U.F.  (ne^upward 
conditions  at  each  end  of  the  column 
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At  the  base — 
and  at  the  top — 


1  jiff  0x0 

Ujt/1  Ox0  =  Lxp 


Now,  if  the  overhead  product  is  completely  condensed  (i.e. 
without  fractionation),  x„  =  ft.  Let  the  desired  values  in  any.; 
design  be  marked  on  the  diagram  at  a  and  b.  Now  the  point  t>,  x„ 


must  be  somewhere  along  the  projected  line  ah,  and  as  x0  obviousl 
now  equals  =  ft  (as  ah  is  vertical)  then— 

—  Ox0  =  Lx0 

and  0  =  Vx-L 

so  that  the  point  0  lies  at  some  point  c,  such  that— 

L  _  be 
0  ~~  ab 


Now,  0  = 


y  —  L  =  P,  so  that — 


L  __  6c 
P  ab 


This  ratio  of  the  liquid  returned  to  the  column,  to  ^^en^aL' 
removed  as  product,  is  known  as  xe 1  e  11 xra  to  the  bi 

S  Ksi  r »  KS  £>*.. 
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on  a  straight  line,  and  by  projecting  O  through  yf  at  d  so  that  it 
ersects  the  liquid  line  of  the  equilibrium  data  at  e,  the  position 

vw  is  fixed.  .... 

^o\v  a  horizontal  line  through  e,  will  give  at  f  the  composition  of 
vapour  rising  from  the  lowest  tray  y/-v  Once  more,  projecting 
;o  g  gives  xf_2,  and  a  horizontal  step  to  h  yields  yf_ 2,  and  so  on, 

il  a  horizontal  step  falls  on  the  upper  limit  curve  at,  or  beyond,  b. 

Sach  of  these  dual  operations  represents  a  theoretical  stage  or 
te,  and  besides  filling  in  the  details  of  the  compositions  of  the 
ious  streams,  it  also  provides  information  as  to  the  temperature 
:ribution  from  plate  to  plate  through  the  column.  It  is  also 
sible  to  assess  the  actual  quantities  flowing  in  each  stream,  and 
i  is  of  some  importance  in  actually  selecting  or  designing  the 
ctical  trays. 

ior  example  by  joining  d  to  g  the  mass  balance  over  tray  /  —  1 
7  be  made.  The  intersection  of  dg  with  ef  at  z  represents  some 
}  of  mixture  made  from  yf  and  xf_2  which  then  resolves  into  the 
ilibriates  xw  and  yf_v  Thus  if  the  feed  vapour  rate  is  Vf  moles 
hour — 


iin — 


Vf  gz  dz 

—  T  or>  Lf- 2  =  Vf  *  — 
Lf_ 2  dz  12  f  gz 


^  /-I  _  (T  \  V  \eZ 


Vf- 1  =  (i/-2  +  V ,)  | 

Lf-i  =  (£/_2  +  Vf) 


gain,  by  similar  constructions,  Vf_2  will  lead  to  Lf_3,  and  so  on. 
rom  the  construction  it  would  appear  that  the  number  of 
)hical  steps  (and  hence  equilibrium  stages)  is  dependent  upon 
location  of  0,  and  hence  on  the  reflux  ratio.  At  an  infinitely 
t  reflux  ratio,  the  line  cde  will  be  vertical,  and  when  e  falls 
lediately  below  d,  the  number  of  theoretical  steps  required  to 
in  the  desired  product  is  at  a  minimum.  On  the  other  hand 
least  possible  reflux  ratio  which  will  suffice  to  produce  z  from 
,  that  at  which  cde  is  horizontal  (that  this  is  so  can  be  seen  if  c 
hade  a  little  lower  than  d,  when  e  is  of  course  higher,  or  at  a 
ter  value  than,  the  equilibrium  composition  corresponding  to 
At  this  minimum  reflux,  however,  the  number  of  theoretical 
es  is  infinitely  great.  The  selection  of  an  actual  reflux  ratio 
^een  these  two  extremes  is  ultimately  based  upon  economic 
^derations  for  high  reflux  means  high  heating  costs,  but  lower 
costs  for  less  plates,  and  vice  versa.  However,  it  is  always 
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useful  to  inspect  any  problem  for  the  minimum  reflux  ratio,  for  many 
plants  operate  at  reflux  ratios  one-and-a-half  times,  or  twice,  thi 
value. 

The  disadvantage  of  this  simple  arrangement  is  that  even  aa 
maximum  reflux  the  waste  liquid  produced  from  the  base  of  tht 
column  is  not  very  different  in  composition  from  the  feed.  If  a  wash 
product  containing  much  less  A  is  to  be  produced,  therefore,  thi 
waste  must  be  further  treated  in  a  second,  lower,  section,  as  in  Fig.  6(.i 


£ 


V| 


& 


hJ 


f  -  3 
f-2 
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v  — ►t 

f +  2 
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ft 


b  f  +  2 


Fig.  69.  Compound  Column 


Fig.  70.  Flows  in  Region  o» 
Feed  Plate 


In  such  a  system  let  W  moles/hr  of  liquid  of  composition  x 
produced  from  the  base,  in  addition  to  the  top  product  1  mole 

at  Now  n^thTlower  section  of  the  tower  below  the  feed  plate, 
vapour  and  liquid  flows  be  designated  as  V'  and  L  and  s“^?r*P 
wX  the  plate  of  origin,  plates  being  numbered  from  the  feed  pL 

“S, 

L  :  =  Lfi  +  j,V  (where  the  feed  to  the  column  is  I  moles 
and  V/  =  W  + 

Now  the  N.U.F.  in  the  lower  section ^of 'the  columm is .abo  cons^- 

ol  the  column  M 
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feed  plate.  The  N.U.F.  at  the  top  of  the  lower  section  is  that  at 
base  of  the  upper  section,  of  course,  but  at  the  base  wc  tiy  to 
lict  the  conditions  from  knowledge  of  the  discharge,  or  waste 
id,  only. 


v(yJ 

Lw_ 

(^w- 

W 

(xw) 

Fig.  71.  Flows  on  Bottom  Plate 

'n  the  last  real  plate,  or  reboiler,  conditions  are  as  shown  in 

71. 

here  is  no  vapour  rising  to  this  plate,  and  the  N.U.F.  thus 
lines,  at  this  point  W  of  composition  xw.  The  construction  for 
compound  column  may  be  made  as  in  Fig.  72. 


Fig.  72.  Construction  for  Compound  Column  on 
Boiling-point  Diagram 

he  N.U.F.  for  the  lower  section  lies  somewhere  on  the  vertical 
ling  through  xw,  as  well  as  along  the  straight  line  passing  through 
ad  xf.  So  by  producing  de  in  tx  so  as  to  cut  the  ordinate  through 
it  l,  the  operating  point  for  the  lower  section,  02,  is  fixed, 
‘mate  horizontal  steps  and  projections  back  through  CL  give 
number  of  theoretical  contacts  required  in  the  lower  section 
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The  number  of  such  steps  required  in  such  a  compound  columni 
operating  continuously,  may  thus  be  found  by  the  graphical  process 
on  the  appropriate  phase  diagram.  It  will  be  observed  that  02  lie* 
on  the  opposite  side  of  the  feed  composition  from  0,  a  fact  whic: 
emphasizes  the  negative  character  of  the  N.U.F.  on  the  lowo 
sections,  where  L'  must  always  exceed  V' .  As  the  total  mas 
balance  over  the  entire  column  gives — 


(N.U.F.)2  +  V  ==  (N.U.F.)!  or,  -  02  +  Vf  =  0 


it  follows  that — 

0  dl 


09  dc 


and 

O 

II 

and 

0.-^ 

=  P 


Fig.  73.  Construction  for  Toi 
Plate  with  Dephlegmator 

INSTALLED 


Two  important  variations,  fn 
quently  encountered  in  the  practia 
operation  of  compound  column 
which  may  be  quite  simply  allow 
for  in  the  method,  are — 

(i)  If  the  reflux  is  produced  l 
by  complete  condensation  of  t 
overhead  vapour,  but  by  partial  condensation  in  the  column,  th 
x  and  yx  are  not  equal,  nor  the  same  as  the  reflux  composition, 
point  of  fact,  both  are  formed  by  an  equilibrium  cooling  of  « 
vapour.  When  this  method  of  refluxing  is  used,  then  for  any  giv 

dephlegmation — 


Pq  liquid  returned 
Pi'  vapour  removed 


or, 


vapour  removed  from  dephlegmator  _  rp 
—  -  *  T  ’  1  rq 


vapour  rising  to  dephlegmator 


and  Ox  (or  c)  is  found  by  producing  back  Oyx  to  find  c,  mste 
the  applied  B  ratio  method  on  the  vertical  through  xp. 

(ii)  The  feed  to  the  compound  column  may  have  almost  any 
state  but  so  long  as  this  is  allowed  for  on  the  diagram,  by  locat 
fat’ the  appropriate  level  (i.e.  saturated  vapour  on  ylme,  hq, 
•it  boiling  point  on  x  line,  mixtures  in  loop,  cooler  liqi 
superheated  vapour  above,  etc.)  the  method  may  be  employed. 
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m  alternative  solution  to  the  problem  of  the  high  volatile  content 
f  the  waste  from  a  simple,  or  rectifying  column,  is  provided  by 
lie  batch  still.  In  this  arrangement  a  charge  of  material  is  placed 
i  the  boiler,  to  which  the  waste  from  the  column  is  returned, 
bus  the  composition  of  the  contents  of  the  still  is  continuously 
ecreasing,  while  a  product  of  fixed  composition  is  taken  from  the 
Dp.  Now  it  is  clear  from  Fig.  68  that  as  xf  is  moving  to  the  left, 
p  may  only  be  maintained  constant  by  varying  either  the  reflux 


Fig.  74.  Boiling-point  Construction  for  Batch  Still 


-tio,  oi  the  number  of  plates  in  the  column — and  the  latter  course 
impiacticable.  In  this  case,  then,  we  have  a  column  with  a  fixed 
imbei  of  plates  producing  a  fixed  product  from  a  steadily  worsening 
ed,  by  means  of  a  continuously  increasing  reflux  ratio. 

The  worst  conditions  encountered  in  any  such  case  will  arise  at 
ie  instant  when  the  still  contents  are  at  an  acceptable  composition 
r  discharge,  say  xw.  At  this  instant  the  column  is  just  producing 
^me  product  of  composition  x9,  and  some  economic  reflux  ratio 
lould  be  assigned  to  these  conditions,  so  as  to  give  the  operating 
>mt  (J  on  the  diagram,  in  Fig.  74. 

ogart.^y  then  be  made  °f  *  meth°d  or'Sinally  suggested  by 

avb,ntUhenef  of  the°retical  plates  required  in  these  circumstances 

ay  be  then  found,  one  plate  of  course  being  the  boiler 

Let  the  still  be  initially  charged  with  F  moles  feed,  of  composition 

htinatTonaPndSepSOm|  ‘“f  °  *5  h“Ve/IaPsed  since  the  start  of  the 
stulation,  and  I  moles  of  product  of  fixed  composition  xv  to  have 
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been  collected  in  this  time.  If  the  still  contents  are  now  of 
composition  x,  by  a  mass  balance — 

Fxf  =  Pxp  +  (F  -  P)x 


or 


P  =  F 


(xf  —  x) 


{xv  —  x) 


dP 


Now  the  rate  of  distillation  at  this  instant,  results  from 


differentiating  the  expression  with  respect  to  time,  so — 


dP  _  ,,  (»,  -  x,)  _  dx 
dO  (*-  -  xf  d6 


which  is  also  equal  to  the  N.U.F.  in  the  column 
Thus 


(N.U.F.)  ,dd=—F  (*» _  ^  •  dx 


Then  the  total  time  of  distillation,  0T,  to  produce  a  liquid  waste  oil 
composition  xw  is  given  by  integrating  this  expression  when 

F  X-A  *  dx 

(xp  —  x)2 


(N.U.F. )0r 


-I 


Xf 


Now,  at  constant  evaporation  rate,  but  changing  reflux  ratio 
the  N.U.F.  cannot  be  a  constant  value,  for  F-i  continually 

decreases. 


And,  as  L  =  V 


R 


R.+  l 

N.U.F 


,  V-L  =  V  1- 


R 


R  +  1 


,  or— 


V 


^R  d-  1 

at  any  reflux  ratio  R. 

So,  including  only  variables  in  the  integration— 


0' 


F{xp  —  xf) 


'xf 


dx 


.  ( xP-x)‘ 


R  +  1 


If  then  we  select  a  series  of  reflux  ratios  on  the  diagram,  ana 
construct, ’starting  from  the  fixed  number  o :  plates >  P^oni 
decided  upon,  the  terminal  of  the  last  one  upon  the  liquid  lin  g 
the  value  of  *  corresponding  to  the  boiler  composition  at  tha, 

instant.  r  r  1 

A  series  of  such  plots  will  allow  the  integration  of  dx 

to  be  made  graphically  by  plotting  *  against 


The  solw 


tion  enables  the  constant  boil-up  V  to  be  fixed  for  any  desire 
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stillation  time  0T.  For  control  purposes,  it  is  often  instructive 
plot  R  against  still  composition,  or  even  against  time. 


Thus,  by  graphical  treatment  on  the  phase  diagram,  design 
sthods  for  the  treatment  of  binary  mixtures  in  continuous  simple 
compound  columns,  or  batch  stills,  are  provided.  It  will  be 
•vious  enough  that  the  processes  which  have  been  traced 
aphically  upon  the  boiling-point  diagram  may  also  be  executed 
’  successive  algebraic  steps. 

Thus  when  the  N.U.F.  in  each  part  of  the  column  has  been  fixed 
>m  terminal  conditions,  some  suitable  reflux  ratio  is  selected.  Let 
3  temperature  of  the  feed  be  approximated,  when  the  composition 
the  vapour  in  equilibrium  with  the  (feed)  liquid  upon  this  tray 
ly  be  calculated  by  some  means  as  were  used  in  construction  of 
b  boiling-point  diagram.  The  accuracy  of  this  step  depends 
lentially  upon  the  selection  of  the  tray  temperature,  and  it  may 
checked  by  the  calculated  values  of  y A  and  yB  the  sum  of  which 
equal  to  1*0  only  at  the  boiling  point  of  the  mixture. 

The  next  step  is  to  apply  the  equation  for  the  N.U.F.  to  obtain 
3  composition  of  the  liquid  leaving  the  next  highest  tray,  for 
imple,  when  yf  is  the  vapour  composition  leaving  the  tray 
culated  from  the  composition  of  the  liquid  xf  on  that  tray,  at  its 
iling  temperature  tf. 

^en  Lf+ 1  .  Xf+1  Vf.yf=P  .  xp 


ere  all  compositions  are  in  terms  of  one  selected  component 
stomarily  the  more  volatile  one).  Now  L  -f  P  =  V  throughout 
column,  so,  substituting  for  L/+i  and  dividing  throughout  by  P 
l  rearranging — 

**7+i  =  xv  H-  1  )yf 

m  which  xf+1  may  be  calculated. 


rhe  selection  of  a  temperature  for  plate  (/+  1)  will  now  permit 

0f  yJ-+"  from  ,which  x>+ 2  may  be  calculated  by  use 
*  N'ib'F'  e(luatl0''-  So  the  column  may  be  ascended,  plate  by 
te,  until  an  acceptable  top  distillate  is  arrived  at.  Similarly  the 

XF^equati^7  ^  deScendecl  ”**“*•  of  eourse,  the  appropriate 


MULTI-COMPONENT  DISTILLATION 

ruriw,,tbP^L^I!ri!ra,1  --ponents  are  present  in  a 


fpositimfsueir  to.bte  seParated  “to  two  fractions' oTdlfferent 

position.  Such  conditions  are  not  capable  of  simple  ffranhioal 

^“rmt%  LaedgebraiC  meth°d  °f  S°hltion’  With  Stable 

he  essential  difference  between  binary  and  multi-component 
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treatment  is  that  whereas  in  the  former,  operating  conditions  for 
one  component  automatically  fix  those  for  the  other,  in  a  mixture* 
of  ix  components  there  are  {n  —  1)  independent  operating  conditions.- 
or  N.U.F.’s. 

Thus,  suppose  a  feed  mixture  containing  A,  B,  C,  D,  E  to  have 
the  composition  (x  4)f,  {xB)f,  ( xc)f ,  {xD)f,  {xE)f  where  ( xA)f  +  {xBy 

+  (xc)f  +  (*z>)/  +  (xs)f  =  10>  from  which  a  distillate  {xa)»>  (%)« 
{xc)v,  ( xd)p >  ( xe)v >  together  with  a  waste  {xA)w,  {xB)w,  {xc)w>  {xD)Utt 

{xE)w  are  produced.  .  .  ,  T.  r 

Now,  the  N.U.E.  for  all  components  is  given  by  I  x  —  Lx  —  r  an 
the  column  top,  and  for  each  component  as — 

Vx(yA\-  Lx(xA) i  =  P(xA)v  or,  (R  +  1)  (yA)x- R(*A) i  =  (*A 

Vx(yB)x  -  L1(xB)l  '=  P(xB)„  or,  (R  +  1 )  (yB)x  -  R(xB)x  =  (*B)„ 

etc.,  for  upper  section  of  the  column,  or — 

L'(x j)w —  \  {yA)w  =  yv(xA)w 

L'{xj)w —  1  (yB)w  =  W{xB)w 


for  the  lower  section. 

Consider  then  operation  at  some  selected  reflux  ratio  R,  at  whit? 
the  feed  plate  temperature  tf  is  approximated.  By  normal  treatment 
the  equilibrium  composition  of  the  vapour  leaving  the  plate  may  t 
calculated,  if  the  vapour  pressure  data  of  all  five  components 

available,  for — 

{'J  A^f  =  ^  A^xj)f 

( Ub )/  =  P  b(xb)/ 

( yc)f  =  P c(xc)f’  et,c- 

if  Raoult’s  Law  applies,  and  where  PA,  PB,  Pc  are  **•«  V*P°? 
pressures  of  pure  A,  B,  C,  at  t,.  The  temperature  may  have  to 

adjusted  so  that — 

(yA),  +  (yB)f  +  (yc)f  +  +  (Jte)/  =  10 

Now,  in  ascending  the  column  for  example,  in  the  calculation 
the  liquid  composition  on  the  plate  above,  number  (/-  D,  the  pi 
portion  of  each  component  is  calculated  as  follows 

(xA)f-i  =  (R  +  1)  (y^)/-i  +  {xa)p 

{xB)f_i  =  (R  +  1)  (VB)f  +  (xb)p 

{xc)f-i  =  (R  +  !)  (Vc)f  +  (xc)»>  etc-  • 

The  approximation  of  a  tray  temperatuie  tf_^  will  allow 
calculation  of  {yA)f-v  (3te)/- i»  etc* 
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Similarly,  in  descending  the  column  from  tray  /,  the  composition 
)f  the  vapour  rising  from  tray  /  +  1  will  be  given  by  solution  ol 
he  equations — 

M  i  —  (i  —  <£)!/]  a) f+ 1  =  (f>  V f\  (xa)/  ^  (xa)u> 

[ —  (i  —  <l>)  Vf]  (yii)f+ 1  =  \.L  +  ^  A  ( xb )f  +  W(xB)v 
Now  if  some  tray  temperature  tf+1  for  this  tray  be  selected,  then — 


(yj/+  i 

(P  a) f+i 


=  (*a). 


tff+v 


etc.,  and 


i 

( Ps)f+i 


~  (xb)/+ i 


vhere  (P^f+v  (Pu)f+ i  arc  ^le  vapour  pressures  of  A,  B  at  ff_x 
The  selection  of  tf+l  is  checked  when 


=  H) 


Lhe  lower  N.U.F.  is  constant  and  of  constant  composition  xw,  so 
hat  substitution  will  once  more  enable  us  to  fix  conditions  one 
>late  lower. 

This  brief  description  of  plate-to-plate  calculations  in  multi- 
omponent  distillation  can  give  only  a  slight  idea  of  the  complexities 
nvolved  in  practical  work.  Much  has  been  published  on  this 

ubject  and  reference  should  be  made  to  the  literature  for  further 
aformation.(46) 


CHAPTER  XIII 


Extraction  of  Solids  with  Liquids 


In  Chapter  IX  brief  mention  was  made  of  the  diffusional  character 
of  simple  dissolution,  specifically,  when  a  pure  solute  was  contacted 
with  solvent.  Many  interesting  problems  of  a  slightly  more  compli¬ 
cated  nature  arise  when  a  solid  consisting  in  part  of  solute  material 
is  leached,  or  extracted,  with  a  selected  solvent.  By  such  a  means 
solids  may  be  separated,  provided  that  a  liquid  maj  be  used  which 

dissolves  part  only  of  the  mixture. 

Imagine,  then,  a  solid  matter  which  contains  a  soluble  component 
physically  combined  with  an  insoluble  portion.  The  ease  with  which 
the  soluble  portion  (solute)  may  be  extracted  from  the  msolub  c,  or 
inert,  remainder,  is  in  part  dependent  upon  the  diffusional  con¬ 
ditions  at  the  solid  surface,  and  in  part  upon  the  physical  state  ol 
the  solid.  For  the  first  part,  the  degree  of  agitation  in  the  extractor 
would  be  expected  to  exert  an  important  control.  But  if  the  solute 
is  embedded  in  inert  matter,  the  control  may  be  the  rate  at  which 
solvent  can  penetrate  the  solid  particles.  In  these  circumstances 
external  diffusion  at  the  solid  surface  is  not  so  important  as  the 
decree  of  subdivision  of  the  solid  material.  .  .  , 

These  conditions  are  often  encountered  when  ores,  chemical 
deposits  or  vegetable  matters  are  extracted.  It  may  now  be  sa  d 
that  a  limit  to  the  rather  obvious  high  degree  of  subdivision  of  the 
solid  is  set  by  the  fact  that  the  solid  must  finally  be  separated  from 
the  extract  a  process  which  is  more  difficult  as  size  decreases. 

Every  leaching  operation  comprises  in  brief  a  mixer  and  a  separa¬ 
tor  Ind  the  operation  may  be  carried  out  batchwise  or  continuously 

aft**! 


'T**  **  <— •  ags  *rtts?  a  ■cjs 

sufficient  solvent  and  for  si  .  ajjowe)j  to  settle  so  tha- 

into  solution.  Subsequent y .the  matter.  Ther. 

the  extract  may  be  decan  <  ,  residue,  and  the  ratio 

is  inevitably  a  certain  loss  of  extract  with  th^"\ith  the  jner 

ofthe^trfexb-o^ted^l^^^  b. 

matter  is  of  great  importance,  n  It  is  Gf  impon 

Donald,*4”  who .  h?3  S  pfpracticetht  factor  may  be  very  mucl 
LTthanacoPuldC1r^ult  ftom*  lengthy  sedimentation,  because  th 
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nert  material  has  to  be  removed  in  a  manageable  state,  i.e.  while 
t  still  contains  appreciable  quantities  of  solution. 

This  simple  system  has  the  disadvantage  that  the  loss  of  solute 
n  extract  on  the  residue  is  high. 

(ii)  Simple  multiple  contact.  This  method  is  an  extension  of  the 
irevious  one,  in  which  the  high  loss  is  reduced  by  applying  a  fresh 
>atch  of  solvent  to  the  residue  resulting  from  the  first  extraction. 
Vt  each  successive  application  of  solvent  the  concentration  of  the 


Fig.  75.  Diagrams  for  Extraction  Battery 


)lution  entangled  with  the  residue  is  reduced,  so  that  the  final 
icovery  of  solute  is  improved.  At  the  same  time  the  solute  recovered 
in  the  form  of  a  more  dilute  solution,  and  subsequent  recovery 
jy  means  of  evaporation,  for  example)  may  be  more  expensive. 

(iii)  Continuous  counter -current  contact.  The  disadvantage  of  both 
le  above  systems  may  be  resolved  at  the  price  of  slightly  more 
(pensive  equipment  by  providing  continuous  counter-current 
intact  in  a  series  of  stages.  In  such  an  arrangement,  then,  a  single 
mcentrated  extract  may  be  removed  from  one  end  of  the  battery 
hile  the  inert  material  removed  from  the  other  is  wetted  with ‘a 
lute  solution.  Let  these  flows  be  simply  represented  as  in  Fig  75 
Now  all  the  overflows,  or  extracts,  contain  various  amounts  of 
Ivent  and  dissolved  solute,  while  the  underflows,  or  residues 
mtain  various  amounts  of  undissolved  solute,  dissolved  solute  and 
Ivent,  and  a  fixed  quantity  of  inert  (or  non-solute)  matter 

Mthese  arel*6™111*11  C°ndition8  will>  of  course.  be  known  to  us, 

(i)  The  composition  and  quantity  of  the  feed  material  F. 
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(ii)  The  desired  state  of  the  discharged  residue  Rv  There  are 
several  terms  to  be  fixed  here,  namely — 

(a)  the  amount  of  solvent  associated  with  the  solid  material 
(fixed  by  handling  properties), 

( b )  the  amount  of  dissolved  solute  present, 

(c)  the  amount  of  undissolved  solute  still  present  in  the  solid 
state. 


It  is  quite  important  to  distinguish  between  items  (6)  and  (c) 
because  (a)  and  (b)  may  be  recovered  from  the  residue  by  draining, 
filtration  or  centrifuging,  but  item  (c)  can  never  be  so  separated. 

In  this  fashion  the  total  recovery  or 
extraction  of  solute  is  determined,  and 
a  statement  of  the  concentration  in 
which  this  recovery  is  to  appear  in  the 
extract  will  determine  the  solvent 4 
flow'/Sv 

The  remaining  question  is  how  many, 
contacts  or  stages  (each  of  whichu 
comprises  a  mixer  and  settler)  musD 
be  used  to  bring  about  these  condi¬ 
tions.  This  may  be  solved  graphically, 
when  the  compositions  of  the  various 
streams  are  located  upon  a  phase 


Fig.  76.  Triangular  Diagram 


diagram.  It  will  be  seen  that  there  are  in  effect  three  component 
in  the  system,  namely  solute,  solvent  and  inert  matter.  All  com¬ 
binations  of  these  components  may  be  represented  upon  a  triangulan 
diagram.  It  may  be  helpful  to  recall,  briefly,  the  importan* 
geometric  properties  of  such  a  diagram,  by  reference  to  big.  /b 
These  are  as  follows — 

(i)  Pure  components  are  represented  by  the  apices. 

(ii)  Mixtures  of  any  two  components,  in  any  proportion,  by 

points  on  the  sides.  .. 

(iii)  Mixtures  of  all  three  by  points  inside  the  diagram. 

(iv)  Each  side  may  be  suitably  scaled  to  read  in  weight /percen tag" 

01  ^•)1' Ttoresuhf  of  blending  two  mixtures  whose  compositions  ar 
represented  bv  the  points  a  and  6  on  the  diagram  is  a  composite 
famngonthe'straight  line  ab.  Moreover,  this  point  c  is  located 
that  the  ratio  uc/dcisthe  ratio  in  which  mixtures 16  ^  in 

These  relationships  are  true,  irrespective  of  whethei  the  combim 
phases  consist  of  one,  two  or  three  components  f,.actio 

(vi)  The  reverse  procedure  may  also  be  traced,  e.g. 
of  composition  «  is  removed  from  the  mixture  c,  the  resM^  has  th. 
composition  represented  by  b,  when  the  ratio  of  the  mass 

thSuc°li  a  diagram  is  very  helpful  in  portraying  a  leaching  process 
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I  not  only  are  the  compositions  ol  various  streams  represented, 
It  mass  balances  may  also  be  made  thereon. 

[Consider  such  a  process,  in  which  it  is  agreed  to  represent  com- 
;isitions  of  overflows  and  underflows  by  points  Lv  h2,  etc.,  and 
[|,  i?2,  etc.,  respectively,  while  the  total  masses  or  flow  rates  of  these 
Beams  shall  be  symbolized  as  [Ej],  [E2],  [iy,  [-fy*  e^c-  ^ie  Pro‘ 
|ses  of  single  contact,  simple  multiple,  and  continuous  counter- 
(rrent  leaching  will  now  be  examined. 

SIMPLE  SINGLE  CONTACT 

It  a  dry  feed  material  of  composition  F  and  quantity  [i^J  be 
rracted  with  a  solvent  of  composition  S.  This  solvent  need  not 

SOLVENT 


SOLUTE 


Fig.  77.  Single-contact  Extract 

“pure"  solvent.  It  is  very  usual  in  any  cyclic  process  where  the 
ute  is  subsequently  recovered  from  the  extract,  for  the  circulating 
yent  to  contain  small  quantities  of  solute. 

Let  the  system  be  represented  upon  a  triangular  diagram  the 
Ces^  of  which  represent  the  solvent,  solute  and  inert  matter 
g.  77).  These  terms  are  very  general  ones,  and  may  imply,  by 
►ice,  quite  complex  mixtures.  The  solvent  for  example,  may  be 
le  commercial  fraction  rather  than  a  pure  compound,  while  the 
Ins  solute  and  “inert  distinguish  between  portions  of  the  feed 
lich  are  soluble  and  insoluble  in  the  solvent. 

I'hen  F  represents  the  dry  feed  composition,  and  S  that  of  the 
^ent—in  this  case  a  dilute  solution,  or  extract.  It  is  now  necessary 
lecide  what  degree  of  extraction  is  required,  and  let  this  be  such 

‘  fi.nal,s°hd  matte/  “  *>  corltail'  only  a  small  amount  of 
isso  veil I  solute,  so  that  the  dry  analysis  of  the  residue  is  repre- 

he  rZ  V-  H  in  addition  the  desired  concentration 

Jam  also  °n  19  9et  at  Ei  this  may  be  placed  on  the 

:?Zl  I,,'fI,ertieS  of  such  a  diagram,  the  composition  of  the 
Iture  resulting  from  contacting  dry  feed  and  solved  5  must  lie  on 
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the  line  SF.  Similarly  as  this  mixture  ultimately  resolves  itself 
into  extract  E1  and  solid  residue  Rv  its  composition  must  also  li(j 
along  RXEV  Thus,  the  intersection  of  E1R1  and  SF  at  M  represents 
the  mixture  state.  Also,  we  know  that — 


Mass  of  extracting  solution  S  [$]  MF 

r  MS 


Mass  of  solid  feed  F 


m 


from  which  the  quantity  of  extracting  solution  is  known. 

If  all  the  resulting  extract  could  be  removed  from  the  remainini 
solid  the  yields  would  be,  obviously — 


[Ex]  MR1 


[i?i]  ME, 


or, 


[flj  =  jpj  m  +  t«i) 


and, 


[«,i  =  m 


R^EX 


However,  in  any  practical  arrangement  the  remaining  sold 
material  will  be  removed  from  the  separator  while  containing  sonc 

quantity  of  extract.  On  on 


SOLVENT 


Fig.  78. 


Simple  Multiple -contact 
Extract 


diagram,  the  residue  actual 
removed  from  the  apparatn 
has  the  composition  indicate 
by  R,  when  the  ratio  of  extra,; 
decanted  to  that  retained 
the  residue  (the  A  factor) 
given  by  MR/M Ex.  Thu 
a  decision  on  the  A  fact 
necessary  to  make  the  undei 
tow  manageable  will  in  tu 
fix  R. 

As  a  final  point,  it  will 
seen  that  treatment  of  t- 
residue  R,  to  recover  all  t ' 
liquid  in  the  form  of  t: 


recycling  solution  S,  will  give  a  solid  of  composition  The  solo 
content  is  greater  at  Rt  than  at  R„  but  the  R,  content  is  tl 
actually  left  undissolved  in  the  leacher,  while  the  increase  to 
occasioned  by  redeposition  from  the  entangled  extract  as  solve 

evaporates. 

SIMPLE  MULTIPLE  CONTACT 

The  first  stage  of  this  operation  would  be  exactly  as  m  the  pieiir 
case,  so  that  in  Fig.  78  dry  feed  material  of  composition  F 
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litacted  with  solution  S  so  as  to  dissolve  all  the  solute  (il  desired). 
Ie  state  of  the  residue  removed  as  mud  is  given  by  Rv  at  an  A 
Ltor  of  MXRJ. M1E1.  Thus  far,  the  treatment  is  similar  to  the  single 

litact. 

Iff 5  now,  this  residue  is  contacted  with  a  fresh  batch  of  solution 
jin  some  desired  ratio  of  solvent  to  wet  residue  of  R1M2/SM2,  91 
fas  to  give  a  new  extract  of  concentration  E2,  the  conditions  in 
h  second  stage  are  fixed.  A  third  step  may  similarly  be  carried 
1  and  so  on.  The  wet  residue  contains  less  and  less  solute,  which 
[accordingly  recovered  more  completely,  although  in  extracts  of 
creasing  strength.  A  series  of  mass  balances  may  be  made  as 
|lows — 


age  1.  Feed  Quantity  =  [F] 

il/  E 

Extraction  Solvent  Quantity  [Fj]  =  [F]  ^ ^ 


Wet  Residue  Quantity  [RA  =  ([F]  +  [SA) 

R1El 


Extract  Quantity  [Ex]  =  ([F]  +  [SJ) 

ElJx1 


At  Q 

ige  2.  Extraction  Solution  Quantity  [S2]  =  [FJ  2 

J\1 


Wet  Residue  Quantity  [F2]  =  ([FJ  +  [S2]) 

R0E 


2^2 

2 


Extract  Quantity  [£2]  =  ([i?,]  +  [&,]) 

Tj21i2 

j-ge  3.  Extract  Solution  Quantity  [S3]  =  [F2]  ~ 


M«S 


2M3 


Wet  Residue  Quantity  [Fs]  =  ([F2]  -f  [Sz]) 

R*E 

Extract  Quantity  [i?3]  =  ([fi2]  +  [S3]) 


3^3 

3F3 


l3^3 


Knd  finally,  recovery  of  all  the  liquid,  in  the  form  of  solution  S 
Jilts  in  a  dry  residue  of  the  composition  Rz',  the  quantity  being¬ 
's^ 


[if3']  =  [f?3] 


R3'R3 


the  result  is  thus  one  residue,  high  solute  recovery,  and  three 
tracts  of  differing  strengths  which  could  be  blended  if  so  desired 
I  igh  recovery  is  offset  by  the  high  solvent  consumption,  although 

W — (T.653)  6 
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this  is  useful  when  it  is  desired  to  produce  several  solutions  (« 
different  strengths  from  one  solid  feed. 


CONTINUOUS  COUNTER-CURRENT 

In  this  system  each  residue  is  contacted  with  extract  from  th 
next  stage  but  one,  so  that  the  mass  balances  are  rather  moD 
complex.  The  conditions  are  somewhat  similar  to  those  encountered 
in  the  distillation  column,  where  two  flows  in  counter- current  ai 
caused  to  exchange  components  in  a  series  of  contacts.  In  fac: 
the  method  used  in  that  process  may  be  applied  here  with  advantage 


SOLVENT 


The  notion  to  be  employed  is  that  of  a  net  flow  in  some  select 
direction— the  net  rightward  flow,  let  us  say.  Then  in  Fig.  79  n 
solid  material  is  fed  to  the  cell  from  which  the  final  extract 
decanted,  while  the  discharged  residue  flows  from  the  cell  to  whi 
the  solvent  is  introduced.  At  the  ends  of  the  battery  then, 
N.R.E.  (net  rightward  flow)  is  constant,  as  it  is  throughout 
battery,  for  by  mass  balances  on  successive  stages 


1.  \s]  +  [iy  =  t^i]  +  iRi\  °r>  —  r/v>ii =  i  y/;i]  —  uq 

2.  |  AVI  +  A1  =  I A I  +  Al  0,'>  —  1 1!‘^  =  I ^ 

3.  \E2]  +  [F]  -  [fi3]  +  Al  or,  [®j]  -  IA1  =  W  “  t-d 


Thus,  tliere  is  some  point,  in  the  same  plane  as  the  dm^-- 
which  represents  the  N.R.F.  in  composition,  and  this  point 
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long  the  straight  line  through  the  terminal  conditions  E3F  and 
:RV  This  point,  the  operating  point  for  the  battery,  is  then  fixed 
t  the  intersection  of  E3F  and  SR1  produced.  In  fact,  it  may  be 
impler  to  fix  the  total  solute  content  of  the  dry  residue  at  Rx'  than 
le  composition  of  the  wet  residue  Rv  However,  if  we  put  the  A 
ictor,  at  some  fixed  ratio  of  solvent  to  total  solids,  A  =  R^RJSR^ 
oth  points  are  then  fixed. 

Also,  let  a  distinction  be  made  between  the  undissolved  solute 
mtent  of  the  discharge  residue  and  the  solute  present  as  solution. 
F  the  former  is  fixed  at  R then  the  solution  wetting  the  solid 
mst  be  that  of  composition  Ev 

Now  the  mass  balances  for  N.R.F.  show  that  El  and  R2  lie  on  the 
raight  line  passing  through  O.  Also  if  A  is  the  same  in  this  cell 
5  in  the  first,  R2  must  be  so  situated  that  RrR2  is  parallel  to  the 
rse  line. 


The  next  step  is  to  fix  the  position  of  E2.  This  may  be  done  by 
•nsidering  the  ratio  of  solvent  to  inert  matter  in  the  second  cell, 
is  obvious  that  this  ratio  has  the  same  value  in  the  first  cell  (and, 
fact  in  every  other  cell  except  that  fed  with  dry  material). 

This  being  so,  the  intersection  of  SR2  and  E1R1  at  M1  represents 
Le  composition  of  the  mixture  in  the  agitator  of  cell  number  one, 
id  the  line  passing  through  M x  and  the  point  representing  this 
tio  also  passes  through  M2,  M3,  etc.  The  actual  ratio  of  the  solvent 
inert  matters  in  all  these  cells  is  given  by  the  intersection  of 
2A/i  produced  with  the  inert-solvent  side  of  the  diagram. 

Now,  this  construction  means  that  OR3E2  must  be  so  placed  on 
e  diagram  that  E1R3  and  E2R2  intersect  on  M1M2M3  produced, 
ns  construction  may  be  repeated  for  successive  stages,  although 
special  case  must  be  made  of  the  feed  cell  when  the  solid  input  is 
y.  In  this  cell  the  ratio  of  total  solvent  to  total  inert  matter  is  the 

the  l3at1tery  as  a  whole>  so  that  the  intersection  of  SF 
th  fixes  the  line  upon  which  this  ratio  falls. 

A  special  case  of  counter-current  leaching  is  that  in  which  all 
3  solute  which  can  be  extracted  is  brought  to  solution  in  the  first 
®e.  Die  function  of  the  remaining  stages  is  then  to  remove  the 
ong  solution  in  the  underflow,  so  as  to  improve  the  recovery 
is  is  simply  decantation,  or  washing,  and  may  also  be  practised 
any  system  where  the  solute  is  already  in  sohitLn  e  g  in  wtsh  n  ' 
■d  products  free  from  liquid  reactants,  or  co-product 
I  he  system  is  illustrated  in  Fig  80  and  it  will 

Unction  is  exactly  the  sanuAs  m  the  tevious  examnt  w  th 

t  important  difference  that  the  undissolved  solute  in  the  residue 
m  all  the  cells  is  constant  at  /?  "  lesiaue 
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mass  inert,  when  the  “A”  line  is  a  straight  line  through  this  ratio 
on  the  SI  side,  and  parallel  to  the  solvent-solute  base  line  (Fig.  81). 

Now  all  these  rather  simple  graphical  treatments  are  designed, 
to  solve  leaching  problems  in  terms  of  theoretical  stages  or  contacts.. 


SOLVENT 


The  same  thing  can  be  effected  £  S£' 

once  the  terminal  conditions  and  the  J on“f  £ e^ass  baianc- 

££*?££&  r/  s*  **  - • 
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jssibilities  of  a  system  to  be  made,  and  as  a  solution  to  the  nearest 
hole  stage  is  required,  no  great  sacrifice  of  accuracy  results. 

But  in  order  that  these  stages  shall  be  provided  in  practice,  the 
ffusional  aspect  of  the  mass  transfer  involved  must  be  considered. 
From  former  arguments,  it  will  be  appreciated  that  the  rate  of 
lute  exchange  in  any  cell  may  be  represented  as — 


here 


dS 

dO 


=  Ka  .  V  .  (A C)m 


En- 


Ka  =  volume  mass  transfer  coefficient, 

V  =  agitated  volume  of  cell, 

(A C)m  =  mean  difference  in  concentrations  between  liquid 
phases. 

There  are  really  two  problems  involved  ;  firstly,  the  mixture  of  a 
ute  extract  with  a  residue  retaining  a  concentrated  solution  to 
pduce  equilibrium  between  the  two 
lutions,  and  secondly  the  solution  of 
b  solid  solute. 

The  diagrams  are  helpful  in  this 
hpect,  for  they  indicate  the  concentra- 
|ns  of  the  streams  being  mixed.  The 
t  part  of  the  problem  is  not  severe, 
ailing  as  it  does  the  mixing  of  two 
jcible  solutions  in  the  presence  of 
id  particles,  but  the  real  problem  is 
bring  a  little  more  solute  into 
ition.  This  will  be  done  under 


n  + 1 


t  ig.  82.  Flows  on  Cell 


n 


Editions  such  that  the  interfacial  layer  is  a  saturated  solution  at 
sohd  temperature,  while  the  bulk  concentration  varies  between 
limits  of  the  solution  strength  present  in  the  cell. 

.hus  in  any  cell  n  (Fig.  82),  the  solute  solution  rate  is  given  by _ 


V]  ~  [Znl 

=  Ka  .  V 


r/  E 


n- 1 


E' 


E 


1  ~E 


n- 1 


1  -  E' 


n 


E' 


E 


n-l 


1  ~  En  1  -E' 
E' 


1  -  E 


n-l 


1  -  E' 


t  En  E'  \ 

\l-En  l-E'J 

!re  E'  ==  saturated  solution  at  the  temnerafurp  nf  fL  n  , 

azsss  S?  rrrr** 

hus,  the  final  des.gn  for  the  mixing  unit  will  involve  the  selection 
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of  a  vessel  and  agitator  capable  of  bringing  about  the  required! 
degree  of  solution. 

In  instances  where  the  solution  is  carried  out  in  successive: 
stages,  the  difficulty  of  this  dissolution  must  be  assessed  for  each 
mixer.'  In  cases  such  as  that  described  on  p.  185,  the  last,  or  feed- 
end,  mixer  has  the  most  severe  duty  in  so  far  as  it  has  to  bring  all 
the  ’  solute  into  solution.  The  task  of  successive  mixers  is  then 
restricted  to  the  blending  of  two  solutions  in  the  presence  of  solid;, 
matter. 


CHAPTER  XIV 


Extraction  of  Liquids  with  Liquids 

any  special  engineering  operations  are  aimed  at  recovering  some 
luble  material  from  a  solution,  and  in  previous  chapters  some  ol 
Le  ways  in  which  this  may  be  done  have  been  discussed.  For 
:ample,  if  the  solute  is  non-volatile,  the  solvent  may  be  removed 
/  evaporation,  whereas  some  form  of  fractional  distillation  mav 
j  substituted  if  the  solute  volatility  is  not  negligible.  On  the  other 
ind,  if  the  solubility  is  sensitive  to  temperature,  a  crystallization 
ep,  with  or  without  previous  concentration,  might  be  adopted. 

All  these  processes  have  a  rather  serious  drawback  inasmuch  as 
tey  involve  heat  transfer,  and  in  dealing  with  dilute  aqueous 
•lutions  this  becomes  a  considerable  item  in  the  total  process  cost. 

is  sometimes  possible,  nevertheless,  to  reduce  this  problem,  by 
:tracting  the  original  solution  with  some  second  solvent,  so  as  to 
•oduce  a  new  solution.  This  will  be  advantageous  when  either  the 
•ncentration  in  the  second  solvent  is  greater  than  in  the  first,  or 
len  the  second  solvent  has  a  lower  latent  heat  than  the  first, 
ich  an  operation  is  termed  solvent  extraction,  and  it  is  widely 
ed  as  a  means  of  separating  soluble  matter,  when  a  suitable 

Ictive  solvent  may  be  found. 

he  physical  requirements  are  simple  and  familiar,  comprising 
ixer  in  which  the  two  liquid  phases  may  be  contacted  so  that 
te  matter  may  be  exchanged,  and  a  settler  in  which  the  resulting 
ses  may  be  separated.  It  is  obvious  that  the  mutual  miscibilities 
le  two  solutions  must  be  so  restricted  that  they  form  two  separate 
ses  upon  settling,  but  the  miscibility  can  range  over  wide  limits, 
here  are  some  systems  in  which  the  two  solvent  phases  are  for 
iractical  purposes  immiscible,  while  in  others  they  have  appreci- 
!,  though  limited,  miscibility.  Imagine,  for  example,  a  solution 
7  in  A  being  extracted  with  a  second  solvent  B,  in  which  C 
olves  freely,  but  with  which  A  is  immiscible.  The  resulting 
ses  are  a  solution  of  C  in  A  and  one  of  C  in  B.  If,  on  the  other 
d,  A  and  B  were  miscible  to  some  extent,  the  final  layers  would 
i  consist  of  mixtures  of  A,  B  and  C,  although,  for  the  system  to 
A  interest  commercially,  the  concentration  of  C  in  each  phase 
ild  have  to  be  different. 

TOTALLY  IMMISCIBLE  SOLVENTS 

usual  with  these  diffusional  processes,  our  concern  is  with  the 
[  problems  of  equilibria  and  transfer  rates.  The  equilibrium  or 
fashion  in  which  the  solute  distributes  itself  between  these 

189 
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two  solvents,  is  indicated  by  the  ratio  of  the  concentrations  and  l 
is  termed  the  distribution ,  or  partition ,  coefficient  for  C  between  i 
A  and  B.  In  some  systems  the  distribution  is  termed  ideal ;  that  is? 
to  say,  the  distribution  coefficient  is  independent  of  the  actual 
concentrations.  Wlien  this  is  so,  the  conditions  attained  in  various: 
arrangements  of  theoretical  contacts  or  cells  (each  of  which  com¬ 
prises  a  mixer  and  a  settler)  may  be  found  fairly  easily.  The 
problem  is  much  the  same  as  that  treated  in  leaching,  in  which  the 
solvent  being  leached  now  takes  the  place  of  the  ineit  solids  »i 
In  order  to  show  how  the  cell-to-cell  calculations  may  be  substituted 
for  graphical  methods,  the  present  problem  will  be  treated  analyti. 
cally.  It  must  be  realized  that  the  two  methods  are  interchangeabk 

in  all  these  extraction  processes. 

The  choice  of  plant  arrangement  is  as  in  leaching,  i.e.  between 
single  contact,  simple  multiple,  and  continuous  counter -current,  iti 
which  order  they  will  be  treated. 


Single  Contact 

Let  E  lb  of  an  immiscible  liquid  be  contacted  with  a  solutio. 
containing  R  lb  of  solvent  and  y,  lb  solute/lb  solvent,  and  brought  tl 
equilibrium  so  that  the  respective  solvent  content  of  the  hn« 
layers  (usually  called  the  extract  and  raffinate— terms  from  the  a 
industry)  are  lb  and  18,1b.  Now  if  the  concentration  of  solute  t 
the  extract  is  x  lb/lb  solvent,  and  in  the  raffinate  y  lb/lb  so  >  - 
partition  coefficient  K  gives  the  relationship  between  the  concer 

trations  of  the  two  layers. 


Thus, 


K  =  — 


Vi 


/ 


Now,  as  E  and  R  are  completely  immiscible,  E  -  Ey  and  R 
ither  Kejne  lost  in  the  other,  and  a  mass  balance  foi  sole 
the  effil  t  rained,  the  solute  acquired  by  the  extract  stream  be, 
equal  to  that  lost  by  the  raffinate  layer 

Ex1  -  0  =  Ry0  -  RiVi 
Exx  =  R(y o  -  Vi) 

Vi 

x1  =  Kyy 

EKyx  =  R(yo  -  Vi) 

EK 


or, 


Now, 


or 


Therefore  substituting, 


so  that 


y  o 


=  „( 

Vo  / 

Vi  \ 


1  + 


R 


:) 


1  4 


EK 

R 


) 


and 
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This  expression  means  that  to  reduce  the  raffinate  concentration 
rom  yQ  to  yl  in  one  application,  in  a  system  where  the  partition 
oefficient  is  K,  requires  a  certain  ratio  E/R  of  the  two  immiscible 
olvents  concerned. 

[multiple  Contact 

If  the  system  is  performed  in  simple  multiple  contacts  by  repeated 
application  of  fresh  solvent  (Fig.  83)  the  position  is  slightly  different, 
lowever,  the  immiscible  solvent  in  the  raffinate  runs  at  constant 
alue  R  =  R±  =  R2  =  R3,  etc.,  and  the  same  equation  could  be 


Fig.  83.  Flows  in  Simple  Multiple  Extraction 


Titten  for  each  stage  using  the  appropriate  concentrations,  and 
xtracting  solvent  quantity.  Then,  as  before — 

On  cell  1,  Vst  —  i  i  _l 

Vi  \  R 

On  cell  2,  Hi  =  / i  ,  E*K\ 

V*  \  R  ) 


On  cell  3, 


— -  j  1  _|_ 


!h 


R 


i 'ethOT  t0  °btain  the  toW  raffinate 


y«xhx!h  =  yo  =  /l  ,  e,k 
Vi  y±  ih  ih  1  h 


R 


1  + 


e2k 


E~K 


R 


R 


a  simplification  is  introduced  so  that  the  solvpnt  a  j  • 

ree  equal  batches,  then  E  =  E1  =  E2  =  and—  t  odllCed  111 


Vo  =  / 
Vz  \ 


1  + 


EK\ s 


R 


So  that  to  reduce  a  raffinate,  concentration  from  y0  to  yn  i„  n 
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equal  applications  of  Em  of  solvent,  requires  less  solvent  than  one 
single  application  Es,  for — 


R 


whence 


nKm  <  Es 

Continuous  Counter-current 

In  continuous  counter -current  extraction  with  immiscible 
solvents,  the  arrangement  is  as  in  Fig.  84. 

E  E  E  E  E  E 


h  y2  y3  y4  yn  yn*i 

Fig.  84.  Flows  in  Continuous  Counter-current  Extraction 

By  repeated  mass  balances  lor  solute — 

On  cell  1,  R\y2  —  Vi)  =  E(xi  —  0) 

,  ,  E.  x  EK  „ 

or  (: y2  ~  th)  =  (*i)  !h>  as  xi  =  K  lJi 

On  cell  2,  E(y-s  —  y2)  =  Eix2  ~~  xi ) 

=  EK{y2  -  yx) 

if  K  is  constant  in  both  cells,  i.e.  independent  of  concentration. 

Substituting  from  (1)  for  {y2  —  2/i) — 

E2K2 


{y-s  -  !h)  = 


z?2 


(a  i) 


On  cell  3, 


R(*/4  -  V*)  =  E(XZ  ~  X2) 

E 

(2/4  —  y-i)  —  ^  ^3 —  x2) 

EK  .  . 

=  ~R  (y3  ”  lj2) 


Substituting  from  (2)  for  (y3—  y2)— 

E*K* 

(*/4  y 3)  ^3 


to 


and  on  cell  n, 


(y>i+i  yn) 


EnK 


Rn 


n 

-to 
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Summing  all  these  balances — 

(EK  ,  E2K2  ,  E*K* 

(!/«+ 1  ?/i)  ?/l  I  j>  I  ^2  '  ]{ 3 


or 


;v«+i 

?/i 


EK  E2K 2  A,3A3 

“7T  //-  /.,:i 


EnKn\ 
Rn  j 

EnKn\ 
R“  ) 


The  right-hand  side  is  a 


of 


EK 
R  ' 


so  that — 


geometrical  progression  with  a  multiple 


Thus,  for  this  system,  operating  at  a  given  ratio  between  the  two 
solvents,  and  at  a  constant  partition  coefficient  K,  the  raffinate 
concentration  may  be  reduced  from  yn+1  to  yx  in  n  theoretical 
contacts,  when  these  conditions  are  related  by  this  expression. 

It  is  often  true,  however,  that  the  partition  coefficient  is  not 
independent  of  concentration  (i.e.  that  in  any  battery  if  is  a  function 
of  y),  even  when  the  extraction  is  conducted  isothermally,  and  in 
such  cases  the  treatment  by  calculation  becomes  more  complex. 
This  could  be  surmounted  by  various  approximations,  such  as  using 
the  mean  values  of  K  between  the  limiting  values  of  y,  or  attempting 
to  fix  the  K  for  each  stage  by  inspection.  But,  a  more  general 
treatment  for  continuous  counter-current  can  be  made  graphically, 
if  the  equilibrium  conditions,  or  partition  data,  are  represented 
graphically,  on  an  isothermal  plot,  as  in  Fig.  85. 

Now  in  any  battery  of  equilibrium  cells,  the  extract  and  raffinate 
compositions  leaving  any  cell  will  be  located  on  this  equilibrium 
line.  The  compositions  of  the  layers  entering  any  cell  will  have  to 
be  located  by  the  operating  conditions.  In  previous  instances  we 
have  made  use  of  operating  points,  and  here  we  can  make  use  of  an 
operating  line,  which  plots  the  conditions  found  at  the  sections 
taken  between  the  cells. 

For  example,  the  solute  balances  over  successive  cells  gives  the 
following  set  of  equations — 

Cel1 1>  E(xi-xo)=R(y2-yi) 

tvhen  Xq  is  solute  content  of  entering  solvent  . 


Cell  2,  E(x2  -  Xl)  =  R(y3  _  yt) 

Cell  »,  E(x„  -  =  B(Vm  _  yn) 

A'here  yn+l  is  the  feed  composition,  and  for  entire  battery— 

E(xn  —  j'„)  =  R(yn  n  _  V(  ) 
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All  these  equations  could  be  represented  on  the  graph  by  a 
straight  line  of  slope  E/R,  and  with  the  terminal  values  of  the 
concentrations  for  the  battery,  that  is,  xn  and  yn+1  and  xQ  and  yv 
This  line  may  be  termed  the  operating  line,  and  the  conditions  > 
throughout  the  battery  of  n  cells  may  be  traced  by  making  appro¬ 
priate  steps  between  this  line  and  the  equilibrium  data,  as  follows. 

At  the  feed  end  of  the  battery,  raffinate  of  concentration  yn+1  is  - 
flowing  counter  to  extract  of  concentration  xn  and  the  intersection  i 
of  these  ordinates  is  located  on  the  operating  line.  The  composition i 
of  the  raffinate  layer  in  equilibrium  with  the  extract  is  found  by 


yn  + 1 


Fig.  85.  Construction  for  Theoretical  Stages  in 
Counter-current  Extraction 


dropping  a  vertical  line  to  the  equilibrium  line ;  again,  the  comi 
position  of  the  extract  flowing  counter  to  this  extract  is  found 
when  a  horizontal  line  is  caused  to  cut  the  operating  line.  i 

By  a  series  of  such  steps  the  operating  line  is  descended  until  ar 
acceptable  end  point  is  obtained,  and  each  such  step  represents  i 

theoretical  contact  or  cell.  .  pin  i,fl. 

It  can  be  seen  that  there  is  a  certain  limit  to  the  ratio  E/R  wliei 
one  set  of  terminal  conditions  is  fixed,  such  that  the  operating  lim 
is  tangential  to  the  equilibrium  curve.  At  these  conditions  a 
minimum  extract  solvent,  the  number  of  contacts  required  is  infinite 
On  the  other  hand,  if  the  ratio  of  E  to  R  is  increased,  the  number  a- 
cells  decreases,  and  the  economic  solution  lies  at  some  point  w 
the  solvent  recovery  problem  is  offset  by  the  lower  capital  costs  o> 
the  extraction  battery.  There  are  other  ways  of  dealing  with  thJ 
problem,  but  discussion  of  these  will  be  deferred  to  the  next  chapte 

SOLVENTS  OF  LIMITED  MISCIBILITY 


It  is  now  possible  to  proceed  to  the  system  where  the  solvent, 
and  B  themselves  have  some  degrees  of  mutual  solubili  y, 
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being  complete  solvents  for  C.  The  miscibility  must  be  restricted 
so  that  mixtures  of  all  three  components,  at  least  in  some  con¬ 
centration  ranges,  do  break  into  two  distinct  phases,  if  the  system 
is  to  be  a  useful  one  for  extraction  purposes.  The  equilibrium  data 
for  such  a  three-component  system  is  most  conveniently  portrayed 

upon  a  triangular  diagram.  . 

Consider  the  case  when  A  and  B  are  solvents,  of  limited  miscibility 
end  C  is  the  solute  which  is  completely  miscible  with  either.  On  a 
triangular  diagram  (Fig.  86),  the  limits  of  miscibility  oi  the  two 
solvents  A  and  B  may  be  indicated  by  the  points  a  and  b.  This  means 
that  any  mixture  of  A  and  B ,  of  composition  C,  falling  between 


for  System  A — B — C  Single-stage  Extraction 

hese  points  will,  upon  settling,  break  into  two  layers  of  these 
■ompositions.  If  to  this  binary  c  a  little  solute  were  added,  the 
^suiting  ternary  would  be  on  the  line  Cc,  at  d,  when  the  ratio  of 
jolute  C  to  mixture  c  would  be  as  cd  to  Cd.  Experiment  shows  that 
ipon  standing,  this  ternary  d  would  break  into  two  distinct  phases, 
>f  compositions  e  and  /,  say,  and  their  masses  would  be  distributed 
n  the  ratio — 

[e]  df 

[/]  de 

A  series  of  such  experiments  at  the  same  temperature  (giving  a 
eries  of  tie-lines  such  as  edf),  would  result  in  a  curve,  as  shown  in 
<dg.  86.  Any  mixture  of  these  three  components  which  falls  within 
his  area  will  break  up  into  two  immiscible  ternaries.  On  the  other 
tand  any  mixture  falling  outside  this  area  would  be  a  single 
Lomogeneous  phase.  6  ’ 

_  Ptus  IJ<™  consider  the  three  ways  in  which  a  feed  solution  of 
-  in  B  could  be  extracted  with  solvent  A .  Let  the  feed  composition 
e  represented  by  F,  in  Fig.  87,  and  suppose  the  solvent  composition 
e  represented  by  point  A  (this  is  the  same  thing  as  saying  we  have 
pure  solvent,  but  a  slight  content  of  B  and  C  might  be  expected 
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in  any  cyclic  process,  and  the  solvent  point  could  be  located 
appropriately). 


Single  Contact 

By  mixing  feed  and  solvent  in  the  mass  ratio  =  -r the 
&  [F  |  MA 

mixture  M  would  break  into  two  immiscible  layers  E  and  R,  in 

mass  ratio, 

[E]  MR 
[5]  ~  ME 


The  effect  of  removing  all  the  solvent  A  from  these  two  layers  (e.g. 
by  distillation)  would  be  to  produce  the  binaries  E'  and  R' ,  and  the 
mass  balance  might  be  completed  as — 


\E'] 


AE 

ae' 


and, 


m  =  m 


AR 

AR' 


,  .  [E’]  FR ' 

although  the  end  result  is  now  obvious,  as  =  -^7,  ignoring 
the  solvent  altogether. 


Simple  Multiple  Contact 

The  first  step  is  similar  to  a  single  contact,  yielding  an  extract 
Ev  and  a  raffinate  Rv  which  is  now  contacted  with  a  further 


C 


Fig.  88.  Equilibria  on  Simple 
Multiple  Extraction 


C 


Fig.  89.  Equilibria  on  Continuous 
Counter-current  Extraction 


quantity  of  solvent.  Thus  in  cell  1,  using  a  known  or  interpolate 
tie-line,  as  in  Fig.  88 
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and 

In  cell  2, 
and 

In  cell  3, 
and 


™  |f 

[^2]  _  i 

[*il  “  Mt A 

F  M 

[*j  =  (i>y  +  ra  ww 

[^3]  _  d/3^2 

[B2]  -  MZA 

[^3]  =  (t^j  + 1*2])  §f-3 

3  3 


If  this  last  raffinate  is  accepted,  its  solvent-free  equivalent  is  R3\ 
ind — 

W]  =  ^3 

W  ar,' 


The  extraction  has  resulted  in  three  extracts  Ev  E2,  E 3,  or  their 
solvent-free  equivalents  Ex',  E2,  E3,  whose  masses  may  all  be 
bund. 

Continuous  Counter-current 


The  difficulty  with  this  particular  process  is  that  the  composition 
)f  each  extract  and  raffinate  stream  must  be  defined  with  respect 
o  all  three  components.  The  now  familiar  idea  of  an  operating 
joint  representing  the  N.R.F.  (net  rightward  flow)  throughout  the 
mtterv  may  be  introduced.  Some  point  in  the  plane  of  the  tri- 
mgular  diagram  for  the  system  will  represent  the  composition  of  the 
M.K.I' .  which  is  constant  in  total  mass  and  composition  for  the  whole 
jattery.  If  the  terminal  compositions  of  the  battery  are  fixed,  the 
perating  point  0  will  be  found  at  the  intersection  of  the  lines 
Irawn  through  these  compositions.  A  method  for  this  problem 
ras  originally  worked  out  by  Hunter  and  Nash,<4»>  which  is  brieflv 
resented  here.  J 


Thus  in  Fig.  89,  let  a  feed  of  composition  F  be  extracted  with 
olvent  A  so  as  to  reduce  the  solute  content  to  R  while  producing 
n  extract  of  concentration  En.  The  number  of^eticll  sS 

may  then  be  found  by  the  following  graphical  method 
hr®”^ate3  “  equiUtaiom  with  E„  is  belted  by  the  tie  fine 
fir°ugh  E  The  line  joining  to  0  will  then  cut  the  equilibrium 
rve  at  En_1,  and  a  second  tie  line  will  t.h^n  __ 


,,  ,  r ,  ,  J  6  <-/  win  men  cut  the  eauilibrinm 

ve  at  En_  and  a  second  tie  line  will  then  place  li„  and  so  on 
This  procedure  may  be  continued  until  the  final  raffinate  is  an 
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acceptable  one.  If  this  is  seriously  different  from  that  previously 
selected  for  construction  of  the  operating  point,  this  should  now  be 
modified  and  the  solution  checked.  In  order  to  find  the  detailed 
mass  balance  for  any  cell,  it  is  necessary  to  introduce  new  lines  to 
the  diagram.  In  cell  n ,  for  example,  F  and  En_x  are  contacted  so 
as  to  produce  Rn  and  En.  Suppose  the  line  FEn_x  cuts  RnEn  at  Mn, 
then  the  following  statements  may  be  made. 


[En-i\  MnF 

[*1  MnEn_  i 

and  [£?„]  =  +  [F]) 

F  M 

and  [R„]  =  ([®mJ  +  [F]) 

In  cell  ( n —  1)  the  same  balance  can  be  made,  using  the  known 
“feed”  to  the  cell  Rn.  In  this  fashion  the  total  masses  and  composi¬ 
tions  of  all  raffinates  and  extract  streams  can  be  fixed. 

In  all  these  problems  of  solvent  extraction,  the  discussion  has.- 
so  far  been  limited  to  questions  of  equilibria  and  mass  balances.. 
The  essential  problem  of  how  rapidly  and  easily  these  equilibrium, 
conditions  are  attained  in  any  particular  cell,  or  contact,  stilll. 
remains.  Immiscible  phases  have  to  be  so  mixed  that  they  may 
exchange  one,  two  or  three  components  until  equilibrium  is> 

attained.  „  .  ,  „ 

It  would  be  possible  to  write,  for  example,  for  the  exchange  ott 

component  A  in  the  system  A,  B,  C 

^0—  =  KaA,BC  •  ^ 


and  similarly  for  the  other  components. 


The  mean  concentrations  effective  in  any  stage  can  be  obtained 
from  the  solution  to  the  mass  balance,  and  the  rate  coefficient  is 
in  part  a  function  of  the  system,  and  in  part  of  the  mixer  design, 
latter  may  range  over  propellers,  packed  columns,  sieve  plates,  oi 

fluidized  columns. 


CHAPTER  XV 


Gas  Absorption 

This  last  example  of  a  diffusional  process  makes  use  of  familiar 
ideas  and  apparatus  but  also  introduces  one  or  two  new  methods 
which  can  equally  well  be  applied  to  other  operations.  It  is  con¬ 
cerned  in  particular  with  those  problems  in  which  a  soluble  gas  is 
removed  from  a  gas  stream  by  contact  with  a  solvent.  These  terms 
are  relative,  of  course,  the  solute  being  fixed  by  the  solvent.  Once 
more  the  emphasis  is  laid  upon  equilibrium  data,  and  rate  constants. 

In  the  first  instance,  imagine  a  gas  C,  soluble  in  a  solvent  A,  and 
which  is  diluted  by  some  other  gas  B.  Further,  suppose  that  B  is 
quite  insoluble  in  A,  and  that  A  is  entirely  non-volatile  in  the  gas 
stream.  The  case  is  then  almost  identical  with  that  of  solvent 
extraction  with  immiscible  solvents,  and  the  equilibrium  data  at  a 
certain  temperature  may  be  represented  on  a  graph  showing  the 
mass  (or  molar)  ratio  of  the  gas  mixture  in  equilibrium  with  any 
particular  so  ution  strength.  Such  data  is  more  usually  given  in 
physical  handbooks  in  terms  of  the  partial  pressure  of  C  in  B  above 
a  solution  of  C  in  A  of  a  certain  strength  at  a  fixed  temperature 
However,  the  conversion  to  our  preferred  units  is  fairly  simple! 
For  example  if  the  partial  pressure  of  C  in  B  is  vn  atmosnheres 
ibove  a  solution  of  C  in  A  containing  q  units  of  mass  of  C  in  unit 
volume  of  solution  (density  p),  then,  at  a  total  pressure  of^T  atm.— 

Partial  pressure  C  =  pc 

Partial  pressure  B  =  pT  _  j)(, 

ly  Dalton  s  Law,  in  gas  mixture — 

Moles  C  pc 

Moles  B  ~  pT  ~^~pr 

Mass<?  _  Pc  [Mc\ 

Mass  B  pT  -  Pc  \Mb}  -  '/ 

rhere  M B  and  Mc,  arc  the  molecular  weights  of  B  and  C. 
imilarly ,  weight  of  1  volume  of  solution  =  p 

weight  of  C  therein  = 

weight  of  A 

—  p~  q 

Mass  A  q 

Mass  C  pAATq  =  x  (8ay) 
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Ideal  conditions  are  those  where  y/x  is  constant,  i.e.  independent  of 
y ,  but  many  sj^stems  are  known  in  which  this  is  not  so. 

The  operating  conditions  in  an  absorber  may  be  assessed  by 
supposing  that  the  conditions  are  as  sketched  in  Fig.  90,  where  [B] 
and  [A]  are  the  rates  of  B  and  A ,  and  ya  and  yb  and  xa  and  xb  are  the 
terminal  concentrations  of  C  on  ratio  basis  in  both.  Now,  if  B  is 
insoluble  in  A,  and  A  is  non-volatile,  the  following  overall  mass 
balance  for  C  is  true — 

[B](ya-  yb)  =  [A]  (xa-xb) 

So  the  plot  of  y  and  x  occurring  in  the  bulk  gas  and  liquid  streams 
is  a  straight  line  of  slope  [A]/[B].  It  will  readily  be  seen  that  a  | 

W 


CO 


u 


yJB]  xaW 

Fig.  90.  Operating  Conditions  on  Theoretical  Stakes  in 

Gas  Absorber 


solution  for  the  number  of  theoretical  contacts  or  plates  could  bi  I 
made  lust  as  on  pp.  193-4.  With  one  set  of  terminal  concentration? I 
fixed,  the  ratio  | A]/[B]  cannot  be  less  than  a  certain ' 
value,  at  which  the  operating  line  is  tangential  to  the  equihbrn  I 
line  and  at  which  an  infinite  number  of  plates  are  required.  I 

However,  it  is  as  well  at  this  point  to  indicate  a  certain  limitatio.l 
to  the  conception  of  a  theoretical  plate  or  contact.  On  the  tojl 
tray  of  the  absorber  in  the  example,  the  conditions  taken  from  1 

trr'inhioal  step-wise  solution  are  as  in  Fig.  91-  I 

g  It  will  be  Teen  that  the  driving  force  difference  m  concentratioJ 

tending  to  transfer  mass  from  the  gas  to  the  hqmd  phase  I 

sidered  individually,  over  the  gas  film  the  driving  force  ranges  fro.  | 
(2/a  -  !/(*.))  t0  (Vi  - 


where  yM  is  gas  concentration  in  equilibrium  with  liquid  z, 
and  2 /(*’,  is  gas  concentration  in  equilibrium  with  liquid 


I 
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Similarly,  over  the  liquid  film  the  concentration  difference  ranges 
from  (x{ya)  -  xx)  to  (x(Vl)  -  xa), 

where  x^j  is  liquid  in  equilibrium  with  gas  at  concentration  ya, 

ind  X(Vi)  is  liquid  in  equilibrium  with  gas  at  concentration  yx. 

The  truth  is  that  far  too  much  solute  has  been  exchanged  over 
diis  theoretical  step  for  the  conditions  to  remain  steady. 

An  alternative  method  is  to  consider  a  differential  process  in 
.vhich  infinitely  small  amounts  are  exchanged. 

Consider  for  example,  a  small  height  of  absorber  dn,  over  which 
he  gas  and  liquid  concentrations  change  by  dy  and  dx. 


Fig.  91.  Conditions  on  one  Theoretical  Stage 


Then  by  mass  balance,  [B\dy  =  [A]dx,  and  also,  if  the  mass 
ansfer  coefficient  for  the  systems  C  in  B  and  C  in  A  on  a  height 
asis  are  KCB  and  KCA  respectively,  the  rate  equations  give— 

[B]dy  =  KCB  .  dn(y  —  y') 

[A]dx  =  Kca  .  dn{x'  —  x) 

here  the  equilibrium  interface  conditions  are  x'  and  «'  at  this 
Dint  and  the  bulk  concentrations  are  x  and  y. 

It  will  be  seen,  from  combining  these  four  equations,  that- 

Kcb(V  —  y')  =  Kca(x'  —  x) 

(y-y'\  _  Kt 

\ar'  —  x) 


So, 


CA 


K 


CB 


iat  is  to  say,  that  the  bulk  and  interface 

iment  are  related  by  a  straight  “tie  line”  with  a  u  °V< T  SU<^?  an 

ual  toihe  rati.°  of  the  individual  film  coefficients'  wITe^th 8  °Pe 
n  coefficient  is  very  large  so  that  tho  •  *  . '  ^en  g&s 

fusion  of  C  lies  inthelfouid  film  the  ^inr*Brt*n*  «?  the 

[rizontal,  whilst  they  become  vertical  when  the  gas 

of-.*  I.  -  . . ,, 
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been  called  a  transfer  unit.(i9)  The  total  number  of  such  units t 
required  to  alter  the  solute  concentration  in  either  phase  by  a  real! 
amount  may  be  found  from  the  integration  of  a  rearranged  rate 
equation.  Thus,  for  the  gas  film— 

[B]dy  =  Kcb  .  dn{y  y  ) 


or, 


dy 


K 


CB 


y-y 


[B] 


.  dri 


Thus  for  limits  of  y  from  ya  to  yb— 


I 


ya  dy  K 


CB 


Vb 


y-y 


l B ]  J 


'N 


K 

dn  = 


CB 


o 


[B] 


N 


o 


where  o  z=  f^tal  number  of  gas  transfer  units  lequired. 

Unless  there  is  some  simple  mathematical  relationship  between 
y  and  y',  the  left-hand  side  of  the  equation  must  be  integrate* 
graphically.  This  is  done  by  using  a  number  of  tie  lines  of  prope 
slope  to  form  a  series  of  readings  of  y  and  y\  and  plotting  y  agams 
\j(y  _  y'Y  in  order  to  integrate  below  the  curve  between  the  limit 

ya  and  yb.  ’  Similarly,  for  the  liquid  film— 

[A]dx  =  Kca  .  dn(x'  —  x) 


dx 


K 


or, 


CA 


[x'  —  x)  [A] 


.  dn 


then, 

where 


dx  __  K 

x'  —  X 
Jxb 


CA 


\£\ 


'N, 


'  dn 


K 


CA 


[A] 


N 


jy  —  total  number  of  liquid  transfer  units. 


,,/y  bT  based  on1fth«  elkuttion16  The  actual  apparatus  towhk 
transfer  £? 

^transfer  unfeto  which 

equivalent  to  a  tra^fer  umt  (M^sta  ^  #  the(^tical  p]a 

(HTTP  1  which  is  the  height  of  packing  such  that  the  vapo 
rS  from  the  top  has  the  equilibrium  value  corresponding  to  t. 

liquid  leaving  the  bottom  solvent  evaporates  into  ti 

*  *■”  *'■ 

or  when  both  occur. 


jsrai'SSt  K*  “‘-I 
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vapour,  and  at  the  same  time  the  liquid  phase  is  slightly  concen¬ 
trated.  Imagine  that  in  the  previous  example,  the  inert  gas  R 
becomes  saturated  with  solvent  A  while  the  process  of  absorption 
takes  place.  If  the  vapour  pressure  of  A  at  the  temperature  of  the 
absorption  is  pA  then  at  a  total  pressure  pT,  by  Dalton’s  Law — 


In  the  exit  gas, 


Moles  A 
Moles  B 


_ Pa 

Pt~  Pa~  Pc 


and 

where 


Mass  A  pA  /Ma\ 

Mass  B  ~  pT  —  pA  —  pc  \  M  B ) 

M A,  Mb,  are  the  molecular  weights  of  A  and  B. 


Fig.  92.  Correction  of  Operating  Line  for  Volatile  Solvent 


Thus,  if  the  recovery  of  C  is  to  be  the  same,  the  yb  lb  of  inert 
as  originally  present  in  [R]  are  now  present  in  [R]  lb  of  inert  gas 

^ A  (m#)  ^  ^  ^  vaP°ur. 


lus 


Pt  —  Pa~Pcs 

JhUo8o,th\trUe  eoncentration  of  c  in  vapour  other  than  C  is  y*h 
big.  92),  where —  y  b 

y*  _ _  yf> 

H  b  — 


f the sameycovery  of  C,  has  been  increased 
.1  a  ny  the  loss  ol  A  by  evaporation,  so  that _ 


1  f 


\Pt 


Pa 

Pa 


Pc 


'  M 
M 


A 

B, 


X 


*  _ 


X 


1^a\W\ 

L  \Pt  —  PA  —  Pc) 

UJmi 

mhbrium  line,  as  indicated  in  Pig.  92.  >  h  to  be  nearer  the 
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On  the  basis  of  theoretical  plates,  or  transfer  units,  this  makes 
the  absorption  more  difficult,  and  so,  if  the  evaporation  of  solvent 
is  not  allowed  for  in  the  design,  the  absorber  will  be  too  small. 

Solubility  of  Inert  Gas 

The  effect  upon  the  operating  line  of  inert  gas  solubility  in  the* 
solvent  may  be  similarly  traced.  The  extent  to  which  B  cant 
saturate  Mousing  symbols  of  the  previous  example,  is  regulated  by- 
the  least  partial  pressure  of  B.  This  will  be  the  partial  pressures 
in  the  exit  gas  stream,  and  in  the  absence  of  solvent  vapour  this  i^ 


Fig.  93.  Correction  of  Operating  Line  for  Soluble 

Carrier  Gas 


(ri  _  ,n  ^  or  _  »  ,  _  pr)  if  the  solvent  vapour  is  present.  No 
if  the  solubility  of  B  in  X  at  this  partial  pressurc  is  reprosented^ 
xB  the  effects  on  the  gas  and  liquid  concentrations  at  the  sam 
recovery  of  C ,  are  as  follows — 

_  yJLB] 

[B] 


y\ 


Vb 


and, 


ar 


xa[A] 


[A] 


(1  -  xb)  [£] 


xa[A]  -C  xB[A]  x-a  +  xB 

The  effects  of  these  alterations  on  the  operating  «ne  are  shown 
Fig  93  and  as  the  gap  between  the  operating  and  equihbnum  hn 
is  increased,  the  absorption  is  somewhat  easier^  ^  „ 

the^samem^thodsf  but  the^  pro  Wem*  can  be  treated  on  the  triangul 


diagram.  renresented  on  the  diagram  in  Fig.  & 

Let  the  system  ABC  bi  l  anc[  mixtures  h 

The  equilibrium  between  solutions  ^  although  it  mo' 

could  be  portrayed  by  a  senes  ^t  g^^nt  molar  or  mass  props 

tt„sOTandmnrratios  The  points  «,  6.  e,  i  representing  the  « 
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conditions  can  be  plotted  on  the  diagram,  and  the  operating  point 
0,  representing  the  composition  of  the  N.U.F.  (net  upward  flow) 
may  be  found.  The  solution  for  theoretical  contacts  when  there  is 
10  evaporation  of  solvent  or  solution  of  the  inert  gas  could  now  be 
piade  by  the  customary  alternate  use  of  tie  lines  and  projections 
phrough  0.  Alternatively  the  line  WX  representing  calculated 
saturation  of  solvent  vapour  in  inert  gas,  and  YZ  representing 


SOLVENT 


Fio.  94.  Use  of  Triangular  Chart  in  Solving  Gas 
Absorption  Problems 


,  the  diagram111 The  corrected  SlSfcJ  ? 
tht  ^  COntaCtS  COuld  on  eiL,  o’r  botl! 

>n-isothermal  Conditions 

A  serious  modification  to  these  general  niPtlinri  • 

len  the  heat  of  solution  is  m*eat  Li,„v  niethods  is  encountered 

nperature  of  the  solution  as  it  nasso^  \  subs^ntlally  to  alter  the 

3 vision  can  be  made  for  this  coX^'™  1,6  a,JSOrber- 

piment.  If  the  mass  of  solution  descending  thTl Kfoll.owing 
illy  constant,  and  as  the  heat  of  solnt,™  ^  ™  absorber  is  vir- 

Ute  absorbed,  then  the  temperature  ^of  to  tbe 

o  proportional  to  this  absorption  Now  tfthe  ‘qmd  Stream  is 
be  practised,  the  operating  line  remaLs  st  t /ec°very  is 
uhbrmm  conditions  will  be  modified  byThe  ttm^ltureri^ 
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As  the  operating  line  is  straight,  the  absorption  of  solute,  and  there¬ 
fore  the  rise  in  temperature  of  the  liquid  is  fairly  constant.  In 
Eig.  95  then,  divide  the  operating  line  into  several  parts  xv  x2, 

•^'4* 

Now  the  temperature  of  the  liquid  at  the  point  in  the  absorber 
where  each  of  these  compositions  exists  can  be  found  by  an 
expression  such  as — 


I'i  =  Ta  + 


[A]  (xl  —  x„) 


[A]  1  + 


2  ; 


H  —  losses 


Fig.  95.  Use  of  Approximated  Equilibrium  Line  in 
Non-isothermal  Gas  Absorption 


where  T1  =  temperature  of  liquid  at  xv 
Ta  =  temperature  of  liquid  at  xa, 

H  =  heat  of  absorption,  per  unit  solute  mass. 


The  denominator  approaches  [A]  when  x  values  are  small. 


Losses  are  principally  heat  transfer  to  the  gas,  and  they  an 
indeterminate  at  this  stage,  and  in  any  case  their  neglect  leads  U 
the  most  pessimistic  view  and  the  safest  design.  At  any  rate  the 

"Tow  trace  on  the  diagram  the  equilibrium  curves  for, the  sam 

fnt-d  nressure  but  at  a  series  of  temperatures,  Tv  1 2,  3  < 

total  Pressure,  m  these  crosses,  or  even  touches,  th 

N°te  *W°line  the  absorber  will  be  limited  to  that  value  of  s,  ar* 
operating  ,  f  farther  solution  is  to  proceed, 

the  liquid  must  be  cooiea  y  pnnilihrium  curve,  - 

Now  mark  the  points  where  z,  cuts  the  7\  equiimnum  cu  , 
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heating  can  produce  very  great  increases  in  evaporation  of  solvent, 
although  the  solubility  of  the  inert  gas  will  be  decreased,  and  this 
should  be  represented  on  the  operating  line. 

In  conclusion,  let  it  be  emphasized  once  more  that  unit  operations 
are  mostly  simple  enough  applications  of  particular  facts  of 
physical  chemistry,  on  the  basis  of  diffusional  transfer  of  matter. 
Ft  has  been  found  convenient  to  introduce  particular  tricks  of  mass 
balances,  and  certain  methods  of  solution,  in  illustrations  of  each 
unit  operation.  But  it  can  be  readily  understood  that  they  are  all 
interchangeable  in  theory,  although  there  are  generally  practical 
conveniences  in  particular  combinations. 

In  any  case  the  physical  provision  of  these  theoretical  plates, 
stages,  cells  or  transfer  units,  is  always  a  matter  of  providing  the 
four  fundamentals  of  handling,  heating,  subdividing  and  mixing. 
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Crystallization,  142 
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Distillation  ( contd .) — 
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non-circulating  — 

parallel  tray  type,  158 
series  tray  type,  159 
with  reheat,  159 
rotary,  160 

through  circulation,  160 
tray,  152 

Elevation  of  boiling  point,  73 
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Factor — 

“A,”  178,  182 
geometric,  37 
shape,  36,  109 
surface,  109 
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Flow,  turbulent,  49 
Fluid  handling,  1 1 
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corrections,  206 
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operating  line  corrections,  203 
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diffusion,  137 
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Grashof,  48 
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in  furnaces,  55 
in  humidification,  147 
in  solution,  141 
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Hindered  settling,  123 
Humidification,  146 
adiabatic,  148 
driving  force  in,  150 
gas  cooling  by,  149 
gas  film  heat  transfer  in,  147 
mass  transfer  in,  147 
Hu;  idity,  146 

Hydraulic  separation,  107,  1  17 

Immiscible  liquids — 
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extraction  with,  189 
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Intermittent  pressure  in  crushers,  79 
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Kick,  77 
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Labile  region,  143 
aching,  178 
.cai  filter,  133 
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eoribution  in  packed  columns, 
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idling,  12 
i  fid  extraction,  189 
Liquids,  boiling,  heat  transfer  to,  54 

Mass  balance,  34 
Mass  transfer,  135 
coefficient  of,  137 
individual,  139 
overall,  139 
in  drying,  153 
in  humidification,  147 
in  leaching,  187 
in  liquid  extraction,  198 
in  solution,  141 
Materials  handling,  1 1 
Mean  weight  diameter,  1 12 
Mills — 
ball,  85 
centrifugal,  84 
rod,  86 
tube.  86 


Mixers — 

columns  as,  100 
paddle,  95 
propeller,  96 
ribbon,  100 
turbo,  98 
Mixing — 

consistency  in,  93 
efficiency,  99 
gas-gas,  92 
gas-liquid,  100 
gas-solid,  105 
gas-solid-liquid,  105 
liquid-liquid,  92 
liquid-solid,  92 
power  of,  99 
solid-solid,  100 
viscosity  in,  93 

Multi-component  distillation,  175 
Multi-effect  evaporation,  72 

Net  rightward  flow — 
in  leaching,  184 
in  solvent  extraction,  197 
Net  upward  flow  in  distillation,  167 
Non-ideal  distribution,  193 
Nusselt,  54 
number,  48 

Operating  line,  194,  200 
corrections,  202,  204 
Operating  point — 
in  distillation,  167 
in  leaching,  185 
in  solvent  extraction,  197 

Packed  columns,  102 
flooding  in,  104 
liquid  distribution  in,  103 
Paddle  mixers,  95 
Parallel  tray  drier,  158 
Partial  condensation,  165 
Partition  coefficient,  190 
Plate — 

bubble-cap,  101 
spacing,  102 
TJoiseuille,  126 
Porosity  of  filter  cake,  126 
Practical  stage,  1 87 
Prandtl  number,  48 
Press — 
filter,  131 

plate  and  frame,  132 
washing,  132 
Process  evaluation,  1 
Propeller  mixers,  96 
Pumps — 
centrifugal,  18 
characteristics,  1 9 
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Pumps  (contd.) — 
displacement,  12 
reciprocating,  12 
special,  17 

Radiation,  33 
from  flames,  38 
from  gases,  38 
Raffinate,  190 
Raoult,  137,  163,  176 
Reciprocating  pump,  12 
capacity,  13 
characteristics,  15 
Rectification,  166 
Reflux — 
ratio,  168 

minimum,  169 
total,  169 

Ribbon  mixers,  100 
Rittinger,  77 
Rod  mill,  86 
Rolls,  crushing,  82 
Rotary  drier,  160 

Schmidt,  61 
Screw  conveyor,  30 
Settling — 
free,  119 

hindered,  119,  123 
resolution  by,  121 
Shape  factor,  36,  109 
Sieder  and  Tate,  52 
Sieve  plate  column,  101 
Sieving  operation,  completeness  of, 
115 

Simple  multiple  contact,  179,  182 
Simple  single  contact,  178,  181 
Size  analysis  curves,  1 1 0 
Size  reduction,  75 
of  liquids,  89 
of  solids — 

efficiency  of,  76 
energy  of,  77 
Size  separation,  107 
Size  separators — 
hydraulic,  117 
sand  box,  120 
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Size  separators  (contd.) — 
screens,  115 
sieves,  117 
trommels,  116 
Solids — 

extraction  of,  178 
handling,  29 
Solution,  140 

and  crystallization,  142 
driving  force  in,  140 
heat  transfer  in,  141 
of  NaCl  and  KC1,  143 
rate  of,  141 
separation  by,  143 
Solvent  extraction,  189 
Specific  conductance,  127 
Specific  surface,  113,  126 
Sprays,  91 

Stefan-Boltzmann  constant,  33 
Supersolubility,  143 
Surface — 
factor,  109 
mean  diameter,  112 
tension,  90 

Theoretical — 

contact,  or  stage,  186,  200,  201 
plate,  169 

Totally  immiscible  solvents,  189 

Transfer  unit,  202 

Tray  driers,  152,  158,  159 

Triangular  phase  diagram,  180 

Tube  mill,  86 

Turbo  mixer,  98 

Turbulent  flow,  49 

Unsteady  conduction,  61 

Vapour,  condensing,  54 
Vapour-liquid  equilibrium,  163,  176 
Volume  factor,  109 

Weight  mean  diameter,  112 
Wetness  fraction,  170 
Wetted  wall  column,  101 
Wire  belt  conveyor,  29 

X-Y  diagrams,  194,  200 
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